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Cheap, abundant, and easily manufactured electrocatalysts with high efficiency and 

stability are required for both hydrogen evolution reaction (HER) and oxygen evolution 

reaction (OER) to make renewable hydrogen production widespread. Transition metal 

chalcogenides and oxides have shown to be promising and versatile materials for 

catalyzing HER and OER in recent decades. Specifically, transition metal sulfides such 

as NiS2 and MoS2 offer great potential, their defective surface and edge site compositions, 

conductivities, and surface areas impose a significant effect on their electrochemical 

activities towards HER. On the other hand, mixed iron-nickel oxide based electrocatalysts 

have been intensively studied for OER. Engineering of abundant metal oxide/sulfide 

nanoparticles with a porous network by tuning the composition, structure, and 

morphology is highly promising to explore the most active and stable electrocatalyst. For 

this purpose, in this study, we developed a soft templating method to produce mesoporous 

nickel sulfides, mixed iron-nickel oxides, and molybdenum sulfide/oxide thin films. All 

synthesized materials were investigated by advanced characterization tools to identify 

their compositions, morphologies, and structures. Our soft templating method enables the 

production of mesoporous NiS2, Ni3S2, NiS, Ni7S6, and mixed compositions by altering 

the starting precursor compositions. The performances of nickel sulfides were tested 

towards HER in both acidic and alkaline electrolytes. Electrochemical tests with tracking 

the samples by ex-situ advanced material characterization tools reveal that mesoporous 

nickel sulfides act as pre-catalyst that transforms into superior active sulfur deficient 

nickel sulfide with the collapse of the mesoporous structure under HER in an alkaline 

electrolyte. A similar observation was observed in electrochemical tests of mesoporous 

NiS2 for OER. NiS2 was converted to Ni(OH)2 under a positive bias during OER. We 

synthesized the mesoporous NiFeOx, NiFe2O4, and Fe2O3 thin films with tunable 
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compositions by changing the Ni/Fe precursors for OER in alkaline electrolytes. In the 

analysis of intrinsic activities, a peak in oxygen evolution activity was observed below 

%5 Fe content, leading to the formation of NiFeOx, and it was noticed that futher Fe 

content decreases OER activity. The formation of NiFe2O4 slightly decreased OER 

activity, but mixed metal oxide was substantially more active than the pure NiO or Fe2O3. 

Fe impurities in KOH electrolyte electrochemical deposit on the electrocatalyst surface 

and enhance the OER activity of Ni-based electrocatalyst. With a cautious comparison of 

electrochemical tests results, Fe atoms in NiO lattice were found to boost OER activity 

substantially more compared to Fe deposition Ni-based metal oxide electrocatalyst. We 

also applied the soft templating strategy with minor modifications to produce mesoporous 

MoS3-MoS2-MoO3 thin films for HER in acidic media. With ex-situ analysis of structure 

and activity, MoS3 in the mesoporous framework was electrochemically reduced to more 

active MoS2. Overall, the soft templating strategy is a facile and scalable fabrication 

method to develop a cheap and efficient electrocatalyst with an integrated film structure. 

In addition, the mesoporous structure of electrocatalysts provides insights into 

understanding structure-activity relation, changes in the surface composition or 

morphology, and durability of electrocatalysts owing to the high surface area with ultra-

small crystal sizes. 

Keywords: Hydrogen evolution reaction (HER), oxygen evolution reaction (OER), 

mesoporous, nickel sulfides, MoS2, mixed iron-nickel oxide, pre-catalyst 
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Yenilenebilir hidrojen üretimini yaygınlaştırmak için hem hidrojen oluşum reaksiyonu 

(HER) hem de oksijen oluşum reaksiyonu (OER) için ucuz, bol ve kolay üretilebilir, 

yüksek verimliliğe ve kararlılığa sahip elektrokatalizörlere ihtiyaç vardır. Geçiş metali 

kalkojenitler ve oksitlerin, son yıllarda HER ve OER'i katalize etmek için umut verici ve 

çok yönlü malzemeler olduğu gösterilmiştir. Özellikle, NiS2 ve MoS2 gibi geçiş metal 

sülfürleri büyük potansiyel sunar, kusurlu yüzey ve kenar bölgesi bileşimleri, 

iletkenlikleri ve yüzey alanları HER'e yönelik elektrokimyasal aktiviteleri üzerinde 

önemli bir etki yaratır. Öte yandan, OER için karışık demir-nikel oksit bazlı 

elektrokatalizörler yoğun olarak çalışılmıştır. Kompozisyon, yapı ve morfolojiyi 

ayarlayarak gözenekli bir ağ ile metal oksit/sülfür nanoparçacıklarının mühendisliği, en 

aktif ve kararlı elektrokatalizörü keşfetmek için oldukça umut vericidir. Bu amaçla, bu 

çalışmada, mezogözenekli nikel sülfürler, karışık demir-nikel oksitler ve molibden 

sülfür/oksit ince filmler üretmek için yumuşak bir kalıplama yöntemi geliştirdik. 

Sentezlenen tüm malzemeler; bileşimlerini, morfolojilerini ve yapılarını belirlemek için 

gelişmiş karakterizasyon araçlarıyla araştırıldı. Yumuşak şablonlama yöntemimiz, 

başlangıç bileşimlerini değiştirerek mezogözenekli NiS2, Ni3S2, NiS, Ni7S6 ve karışık 

bileşimlerin üretilmesini sağladı. Nikel sülfürlerin performansları, hem asidik hem de 

alkali elektrolitlerde HER'e karşı test edildi. Gelişmiş malzeme karakterizasyon 

araçlarıyla numunelerin izlenmesiyle yapılan elektrokimyasal testler, mezogözenekli 

nikel sülfürlerin, alkali elektrolitte HER altında mezogözenekli yapının çökmesi ile üstün 

aktif kükürt eksikliği olan nikel sülfüre dönüşen ön katalizör görevi gördüğünü ortaya 

koymaktadır. Benzer bir gözlem, OER için mezo gözenekli NiS2'nin elektrokimyasal 
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testlerinde gözlendi. NiS2, OER sırasında pozitif voltaj altında Ni(OH)2'ye dönüştürüldü. 

Alkali elektrolitlerde OER için Ni/Fe başlangıç oranları değiştirerek mezogözenekli 

NiFeOx, NiFe2O4 ve Fe2O3 ince filmleri ayarlanabilir bileşimlerle sentezledik. 

Elektrotların aktivitelerin analizinde, oksijen oluşumu aktivitesinde NiFeOx oluşumuna  

sebep olan %5 Fe içeriğinin altında en yüksek performans gözlemlendi, ve Fe içeriğinin 

artmasıyla OER aktivitesinin azaldığı tespit edildi. NiFe2O4 oluşumu, OER aktivitesini 

azalttı, ancak karışık metal oksit, saf faz NiO veya Fe2O3'ten önemli ölçüde daha aktiftir. 

Elektrokatalizör yüzeyinde KOH elektrolitinden gelen Fe safsızlıkların depolandığı ve  

Ni bazlı elektrokatalizörün OER aktivitesini arttırdığı anlaşıldı. Elektrokimyasal test 

sonuçlarının dikkatli bir şekilde karşılaştırılmasıyla, NiO kristallerindeki Fe atomlarının, 

Fe kaplanan Ni bazlı metal oksit elektrokatalizörüne kıyasla OER aktivitesini önemli 

ölçüde artırdığı bulundu. Ayrıca asidik ortamda HER için mezogözenekli MoS3-MoS2-

MoO3 ince filmler üretmek için küçük modifikasyonlarla yumuşak şablonlama stratejisini 

uyguladık. Test sonrası yapı ve aktivite analizi ile, mezo gözenekli yapıdaki MoS3, 

elektrokimyasal olarak daha aktif MoS2'ye indirgendi. Genel olarak, yumuşak şablonlama 

stratejisi, entegre bir film yapısına sahip ucuz ve verimli bir elektrokatalizör geliştirmek 

için kolay ve ölçeklenebilir bir üretim yöntemidir. Ek olarak, elektrokatalizörlerin 

mezogözenekli yapısı, yapı-aktivite ilişkisini, yüzey bileşimindeki veya morfolojisindeki 

değişiklikleri ve ultra küçük kristal boyutlarına sahip yüksek yüzey alanı nedeniyle 

elektrokatalizörlerin dayanıklılığını anlama konusunda fikir verir. 

 

Anahtar Kelimeler: Hidrojen oluşturma reaksiyonu (HER), oksijen oluşturma 

reaksiyonu (OER), mezogözenekli, nikel sülfürler, MoS2, karışık demir nikel oksit, ön 

katalizör 
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1 INTRODUCTION 

 

1.1 Motivation  

Molecular hydrogen, H2, is a critical chemical reagent, essential for various 

branches of industry. Around 75 million tons of hydrogen are produced from dedicated 

sources annually worldwide. In crude oil refining, fertilizer production, and methanol 

plants, hydrogen is consumed as a feedstock [1]. In crude oil refining, molecular hydrogen 

is used for hydrotreating of various refinery streams and hydrocracking of heavy products 

[2]. In the fertilizer industry, hydrogen is reacted with nitrogen to produce ammonia by 

the Haber-Bosch process, and ammonia is later converted into several types of fertilizers 

[3]. Hydrogen can also be reacted with CO and CO2 to produce methanol in a catalytic 

reaction [4]. Approximately 95% of the hydrogen is produced by steam reforming from 

methane, oil, or coal, and the largest fraction comes from steam reforming of natural gas 

[5]. 

Hydrogen can be categorized according to the CO2 balance such as gray, blue, and 

green based on public discussions [6]. For example, natural gas is converted at high 

temperature (> 700 oC) into CO2 and ‘gray’ hydrogen leading to CO2 emission at a rate 

up to 10 kg of CO2 per kg H2 [6]. If produced CO2 is captured and stored or utilized (CCS 

or CCU), ‘gray’ hydrogen becomes ‘blue’ hydrogen [7]. However, the carbon capture 

rate is currently at a maximum of up to 90 %. Green hydrogen is produced by electrolysis 

of water, where water is electrochemically split into hydrogen and oxygen by an electric 

current and with the help of an electrolyte. If the electricity required for electrolysis comes 

exclusively from renewable, the entire production process is completely CO2-free. 

CO2 emissions have accelerated during the 20th century, rising to about 37 Gt per 

the year 2019, with global CO2 atmospheric concentration reaching 415 ppm [8]. At 

current emissions levels, the remaining carbon budget to keep global warming below the 

+1.5 °C target could be exhausted in 10 years, which would have dramatic consequences 

on ecosystems and societies. Most greenhouse (GHF) emissions come from the 

production and transport of energy (about 40 %, including electricity and heat production, 

industry (23%), buildings (21%), and transport (16%) [9]. Hydrogen provides multiple 

pathways to reduce GHG emissions in these sectors and could address about half of their 

GHG emissions if produced, stored, and carried cleanly.  
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Hydrogen can be used either as a feedstock for various industrial and chemical 

processes. In steelmaking, hydrogen can work as a direct reducing agent, substituting for 

coal-based blast furnaces [10]. Grey hydrogen in the current production of methanol, 

ammonia, and liquid fuels could be replaced by green hydrogen with no changes in 

equipment or technology, eliminating the CO2 emissions associated with the production 

of grey hydrogen. Hydrogen is also used to produce methane, synthetic naphtha, 

kerosene, and petrochemical feedstock such as olefin by using CO2 captured from the air 

or emissions streams [11]. 

Hydrogen can be burned to release heat or converted into electricity using fuel cells. 

Therefore, hydrogen offers a broad range of applications for mobility services, especially 

trucks, buses, ships, trains, large cars, and commercial vehicles, where the performance 

of batteries is limited [12].  Hydrogen has a high gravimetric energy density of 120 MJ/kg 

and can be stored under multiple forms such as gaseous, liquid, or converted to other 

molecules (synthetic methane, synthetic liquid fuels, ammonia, and methanol) [13]. 

Therefore, hydrogen can be utilized as an intermediary vector between the energy systems 

(electric grid, gas grid, transportation, and industries) and intermittent renewable energy 

sources (wind and solar) [14].  

Recent technological developments and mass production in wind turbines and 

photovoltaics have decreased renewable energy costs substantially in the last decades 

[15]. Electrolysis was the first H2 production technology deployed but was overtaken by 

fossil fuel-based technologies in the early 1970s. With the continuously decreasing 

renewable electricity cost, the production of green hydrogen is increasingly economically 

attractive and has become a critical key to reach the net-zero target. IRENA Pathway 

claims that, by 2050, 30% of electricity use will be dedicated to green hydrogen 

production and its derivatives such as methanol and ammonia [16]. To achieve this, 

almost 5 000 GW of electrolyzer must be deployed by 2050. Therefore, all technical and 

economic barriers to electrolysis technologies must be overcome in order to make 

electrolyzers viable for widespread implementation. 

1.2 Electrolysis of water 

Several reviews of the electrolysis of water have been published elsewhere [17]–

[20]. Here, we briefly describe the fundamentals and focus points of electrolysis of water 

relevant to this dissertation. 
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Electrolysis is done in an electrolysis cell that contains two electrically conductive 

electrodes (cathode and anode) separated by an electrolyte.  The reaction and associated 

mechanisms depend on the pH of the electrolyte. In the alkaline type, a porous inorganic 

diaphragm (also called a separator) which is permeable to the OH- ions, physically 

separates the electrodes and formed hydrogen and oxygen gases. In proton exchange 

membrane (PEM) electrolyzers, the electrodes are separated by an electron-insulating 

solid membrane, which is responsible for transporting H+ ions from one electrode to the 

other and at the same time physically separating gases. For both systems, the hydrogen 

evolution reaction (HER) at the cathode and the oxygen evolution reaction (OER) at the 

anode take place [17], [20]. Water splitting occurs in acidic and alkaline media according 

to the reactions listed in Table 1.1. 

Table 1.1 Hydrogen and oxygen evolution reactions for both acidic and alkaline media 

[21] 

 

Acidic  Anode   : 2H2O (l) →  4H+ + O2 (g) +  4e−  

Cathode  : 4H+ +  4e− → 2H2(g) 

Overall reaction : 2H2O (l) →  2H2 (g) + O2 (g) 

 

Alkaline  Anode   : 4OH− →  4H2O + O2 (g) +  4e−  

     Cathode  : 4H2O +  4e− → H2(g) + 4OH− 

Overall reaction : 2H2O (l) →  2H2 (g) + O2 (g) 

 

The overall reactions in both alkaline and acidic media require a minimum energy 

input of ΔG = 237.1 kJ/mol at standard conditions corresponding to a standard voltage 

requirement of E =1.23 V [17]. The required voltage is much larger due to kinetic and 

transport limitations [17], [20]. 

The HER and OER proceed through reactive intermediates adsorbed at the 

cathode and anode surfaces, respectively. The electronic structure and atomic-scale 

morphology of the catalyst surface determine the strength of the interaction between 
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adsorbate and surface, and thus, accelerates or slows down the reaction rates. According 

to the Sabatier Principle, the case in which reactive intermediates neither too weakly nor 

too strongly bind to the surface is the most active for the electrochemical reaction [22], 

[23].  

There are two plausible processes for HER mechanism in both acid and alkaline 

media: Volmer-Heyrovsky and Volmer-Tafel [19]. In acidic media, proton takes role 

itself, as a water molecule is a source of proton in alkaline media. In the Volmer step, 

proton adsorbs on the electrode surface regardless of the pH of the solution. Reaction 

further proceeds through either Tafel or Heyrovsky step. In the Tafel step, two adjacent 

protons adsorbed on the electrode surface react and form molecular hydrogen gas. In 

Heyrovsky step, another proton adsorbs by the adsorbed proton on the electrode and form 

molecular hydrogen. The Volmer-Tafel process is more favorable compared to the 

Volmer-Heyrovsky process. Proposed reaction steps are also indicated in Table 1.2. 

Table 1.2 Processes of the mechanism during hydrogen evolution reaction 

 Acidic Alkaline media 

Volmer H+ + e− ↔ Hads H2O + e− ↔ Hads +OH− 

Heyrovsky Hads + H+ + e− ↔ H2(g) Hads + H2O +  e− ↔ H2(g)+ OH− 

Tafel Hads + Hads ↔ H2(g) Hads + Hads ↔ H2(g) 

 2𝐇+ + 𝐞− ↔ 𝐇𝟐(𝐠) 2𝐇𝟐𝐎 +  𝟐𝐞− ↔ 𝐇𝟐(𝐠)+2𝐎𝐇− 

 

The four-electron/proton transfer steps are widely accepted in both acidic and 

alkaline media for the OER mechanism [17]. However, the OER mechanism differs 

according to pH. Under acidic conditions,H2O is oxidized, and electron and proton pairs 

andO2 are formed. In contrast, under alkaline conditions, OH− is oxidized to H2O and O2 

with the formation of an electron. The bonding between intermediates (MOH, MO, and 

MOOH) and reactants (H2O or OH-) are crucial for the efficiency of OER.  Proposed 

reaction steps are also indicated in Table 1.3. 

Table 1.3 Processes of the mechanism during OER 

Acidic Alkaline media 

M + H2O ↔ MOH + H+ +  e− M + OH− ↔ MOH + H+ 

MOH ↔ MO + H+ + e− MOH + OH− ↔ MO + H2O+e− 
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MO + H2O ↔ MOOH + H+ + e− MO + OH− ↔ MOOH + e− 

MOOH ↔ M + O2(g) + H+ +  e− MOOH + OH− ↔ M + H2O + e− 

Total: 2 𝐇𝟐𝐎 ↔  𝐎𝟐(𝐠) + 𝟒𝐇+ +  𝟒𝐞− Total: 𝟒𝐎𝐇− ↔ 𝐎𝟐(𝐠) + 𝟐𝐇𝟐𝐎 +  𝟒𝐞− 

 

1.3 Ideal Electrocatalyst for a Water splitting 

Platinum group metal electrocatalysts (Pt, Ru, Rh, Ir, and Pd) are the best known 

HER electrocatalysts regarding almost zero Gibbs free energy of adsorbed atomic 

hydrogen on their metallic sites [18]. Among them, Pt is used as a benchmark for the 

comparison of activities of other HER electrocatalysts. Nanostructured Pt on conductive 

support, generally carbon, is also one of the strategies to reduce the amount of Pt, as seen 

in commercial PEM electrolyzers [24]. Unfortunately, the widespread applications of 

PGM catalysts are limited by their high cost and scarcity. 

Ni-based metal electrodes are a common choice in alkaline electrolyzers as 

cathodes for hydrogen evolution owing to their low cost and durability at alkaline media, 

25 % KOH solution [25]. However, Ni usually suffers from the insufficient 

electrocatalytic activity and more importantly, progressive decay in the activity of HER 

upon continuous alkaline electrolysis because of reversible formation of inactive nickel 

hydride on the Ni surface [26]. 

Next-generation HER electrocatalysts are being researched intensively to fulfill 

some specifications such as being inexpensive, abundant, durable, and efficient for both 

alkaline and PEM electrolyzers [18], [20]. Substantial research effort has been devoted to 

investigating the HER activity of transition metal sulfides, selenides, nitrides, phosphides, 

and carbides to eliminate the problem discussed above [27]. 

The OER is often regarded as the main bottleneck in water splitting due to its slow 

kinetics of multiple reaction steps, as discussed above. RuO2 and IrO2 are commonly used 

to benchmark for OER electrocatalysts owing to their high electrocatalytic activities and 

corrosion stabilities in both acidic and alkaline solutions [28]. Unfortunately, the 

widespread applications of those two catalysts are limited by their high cost and scarcity. 

Because electrocatalysts must also be stable under acidic operating conditions, there has 

been no candidate except these two, RuO2 and IrO2 as the OER catalyst of PEM 

electrolyzer [29].  
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Ni-based metal electrodes are used instead of RuO2 and IrO2 in alkaline 

electrolyzers as anode for OER owing to their low cost and durability at alkaline media 

[25]. Comprehensive researches have been focused on investigating the OER activity of 

transition metal oxide catalysts, and various metal oxide families such as perovskite, 

spinels, and the layer structure type-family in order to increase activity toward OER [30]. 

Electrode fabrication always needs the tedious film casting or coating procedure 

with ion-conductive polymeric binders and extra conductive additives [31]–[33]. Usage 

of ion-conductive has risks that polymer can cover the active surface area of the 

electrocatalyst and interfere with the contact with conductive support. Electrocatalytically 

inactive conductive additive with a polymeric binder can limit electrochemical active 

surface area. Furthermore, continuous hydrogen and oxygen gas evolution cause the 

coated catalysts to peel off from electrodes, which adversely affects their catalytic activity 

and lifetime. The one-step production protocol enabling 3-D integrated porous structure 

without post-coating process does not require nonconductive organic binders. This can 

ensure good electron conductivity and support the high mechanical stability of catalysts 

for long-term and cyclic use. Appropriate porous structure also fastens the reactions on 

the electrode by easy electrolyte penetration, diffusion of ions (e.g. OH-, H +) through 

electroactive sites, and rapid release of reaction products [33].  

1.4 Mesoporous Inorganic Materials  

Porous materials can be classified according to their pore size: microporous (≤ 2 

nm), mesoporous (2-50 nm), and macroporous materials (≥50 nm) [34]. The first known 

example of mesoporous inorganic material, M41S family (MCM-41, MCM-48, and 

MCM-50), is discovered by Kresge et. al. in Mobil Oil Company [35]. M41S family has 

a silica framework, synthesized by self-assembly of surfactant, above its critical micelle 

concentration (CMC), and silica precursors in an acidic or basic aqueous media. The other 

types of mesoporous silica materials with having various pore sizes, morphology, surface 

area, and wall thickness were synthesized by changing surfactant hydrophobic and 

hydrophobic lengths, solvent, and type of silica and surfactant type such as SBA family 

[36]–[38]. Since then, mesoporous materials have been intensively studied to discover 

advanced energy materials with high surface area, accordingly more active sites, for 

applications such as green energy, energy storage, batteries, and catalysts [39]–[42]. 
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SBA and M41S families are in powder forms due to the nature of their synthesis 

protocols in which dilute concentrations of silica precursor and surfactant are used. Later, 

Attard and coworkers introduced a novel method that uses the liquid crystalline region of 

a surfactant rather than CMC and a higher concentration of silica precursor in order to 

obtain silica monoliths [43]. Thin-film technologies of mesoporous materials had become 

critical for many applications such as sensors, electrocatalysts, and solar cells [44]–[48]. 

In this aspect, Brinker and coworkers have introduced, for the first time, the evaporation 

induced self-assembly (EISA) method to create the ordered mesoporous silica thin films 

by controlling the self-assembly of surfactant and inorganic precursor with an oriented 

replica of liquid crystal template [49]. 

Surfactant templating methods were extended to obtain non-siliceous mesoporous 

materials (known as soft templating) and also rationally designed mesoporous silica thin 

films, powders and monoliths have been used as a template to produce non-siliceous 

mesoporous materials (known as nanocasting or hard-templating) [50]–[53]. The 

electrodes showing outstanding performance and durability for both HER and OER can 

be generated by utilizing either hard or soft templating methods. 

1.5 Mesoporous Metal Oxides via Hard Templating Method 

Hard templating is based on a casting process that results in the negative replica of 

the template materials [51]. That’s why it is also named as ‘nanocasting’ in the literature. 

The hard templating method for providing ordered mesoporous metal oxides usually uses 

ordered mesoporous silica and carbon as the hard template for providing ordered 

mesoporous metal oxides. The precursor of the target material is tried to fill all voids in 

the mesoporous structure. The precursor of target material in the mesoporous template is 

converted to the metal oxide by calcination to replicate the shape of pores of the template. 

The silica template is lastly etched by HF and highly concentrated NaOH/KOH solutions 

to obtain the final mesoporous metal oxide [51], [52]. Schematic illustration of 

nanocasting is indicated in Figure 1.1. 
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Figure 1.1 Schematic illustration of nanocasting method by using hexagonal 

mesoporous silica as a template. 

 

The first example of mesoporous transition metal oxides via nanocasting was the 

mesoporous Cr2O4 developed by Zhu et al. in 2003 [54]. Since then, many mesoporous metal 

oxides and mixed oxides were developed by using hard templating [55], [56]. A major 

drawback in the synthesis of mesoporous metal oxides using the hard templating method 

is the large volume difference between the common metal precursors (i.e., nitrate salts) 

and their oxide form upon the calcination process. Up to 90% contraction in volume 

makes creates isolated small islands instead of interconnected networks. Therefore, the 

hard templating method is not suitable for preparing thin-film transition metal oxide 

electrocatalyst on any conductive support. 

1.6 Mesoporous Metal Oxides via Soft Templating Method 

As discussed above, surfactant templating can be applied for the synthesis of 

mesoporous powders, monoliths, and thin films. Herein, we will discuss liquid crystalline 

templating methods in detail. The surfactant molecules that consist of hydrophobic and 

hydrophilic groups above critical micelle concentration, assemble into a micelle. At 

higher concentrations, micelles start to aggregate and then form a lyotropic liquid crystals 

(LLC) mesophase. The structure depends strongly on the concentration of solvent as well 

as temperature. The main LLC mesophases are lamellar (surfactant bilayers separated by 

aqueous layers), hexagonal (hexagonal arrangement of cylindrical micelles), and cubic 

structures. Incorporation of metal oxide precursor into solvent can place between micelle 

groups. This LLC mesophase is utilized as a structure-directing agent to form mesoporous 

materials. Schematic illustration of the LLC templating method is indicated in Figure 1.2. 
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Figure 1.2 Schematic illustration of soft templating method. 

 

In the first example of synthesized mesoporous silica, sodium and 

tetranethylamonnium silicate were used as an inorganic metal precursor with lyotropic 

liquid phase of quaternary ammonium surfactant with water [57]. Mesoporous non-

siliceous metal oxides, including TiO2, ZrO2, Al2O3, Nb2O5, Ta2O5, WO3, HfO2, SnO2, 

and their mixed oxides were synthesized by using amphiphilic poly(alkylene oxide) block 

copolymers as structure-directing agents with their transition metal chloride (i.e. TiCl4) 

in non-aqueous solutions [58]. Dip coating of the sol was applied to prepare transparent 

thin films after removal of surfactant via calcination at 400 oC for 5 h in air. 

The evaporation of the volatile compounds during dip-coating starting from dilute 

solution forms a well-ordered gel-like mesostructure. Spray and spin coating show the 

same mechanism. While surfactants form micelles, inorganic species locate among the 

micelles. The semi-crystalline or non-crystalline structure of desired metal oxide is 

formed by hydrolysis and condensation reaction. Therefore, this method is called EISA 

[49]. 

Controlled condensation of metal oxide is very critical to form a mesostructured 

framework. The condensation of transition metal chlorides, MCl4, could be controlled at 

slow rate due to the formation of stable chloroalkoxy complexes of metals in the presence 

of hydrochloric acid with ethanol. Metal alkoxides (M(OR)4, i.e. Si(OMe)4 , Ti(OBu)4, 

(where Me: Methyl and Bu: Butyl) are hydrolyzed into MOH4 in a controlled manner 

with aid of tuning the acid content of the solvent of alcohol [59]. The use of them in liquid 
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templating shows better control on the condensation reaction. After condensation, the 

surfactant template can be removed by chemical and thermal methods according to 

desired properties of mesoporous metal oxide. 

1.7 Molten Salt Assisted Self Assembly (MASA) 

The liquid templating method with the incorporation of alkoxides cannot be applied 

for all transition metal oxides because of the lack of their alkoxides. For instance, Ni, Co, 

Zn, Cd, and Fe are in the form of salts, such as nitrates, chlorides, and sulfates. Hydrolysis 

and condensation reactions do not take place in the assemble of mesophase because of 

the formation of stable solutions in various solvents. Decomposition of metal salts into 

metal oxides can rigidify the mesostructured framework upon calcination if surfactant 

assembly holds the mesophase at moderate calcination temperatures.  

A novel LLC method, molten salt self-assembly (MASA) was discovered, for the 

fabrication of mesoporous silica-CdO and silica-ZnO composite thin films [60]. They 

used the aqueous solution in which consists of two surfactants, one of them is charged, 

cetylammonium bromide (CTABr), and the other one is nonionic, oligo (ethylene oxide), 

silica precursor, (tetraetylene orthosilicate (TEOS), and Zn nitrate or Cd nitrate. After 

evaporation of water via spin and spray coating, hydrolyzed silica precursor and transition 

metal oxide precursor with these two surfactants forms mesophase. Upon controlled 

calcination starting from room temperature to 450 oC, condensation of silica rigidifies the 

mesoporous framework and metal nitrates decomposes into metal oxide flakes over the 

silica framework. By changing the surfactant/metal salt ratio, the porosity and thickness 

of the metal oxide in the mesoporous framework were tuned in this study.  

Later, they discovered that mesoporous LiCoO2, LiMn2O4, and mixed LiMn2-

xCoxO4 have been fabricated without using titania or silica precursor as a rigidifying agent 

[61]. Upon calcination, the anionic part of metal nitrates salts can be easily started to 

decompose at low temperature, above 90 oC, where surfactant assembly can stand at 

higher temperatures, up to 200 oC without decomposition. By using this property, 

transition metal oxide moiety can rigidify among the surfactant domains, and further 

increase in calcination temperature can provide the removal of surfactant domains and 

form mesopores. 

MASA process is strongly dependent on the robust and stable LLC phase of 

transition metal salts and surfactants. In 2001, Dag et al. showed Cd, Zn, and Co nitrate 
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salt could make cubic and hexagonal lyotropic liquid mesophase with non-ionic 

surfactant [62]. With the addition of a second surfactant, which is anionic or cationic, the 

amount of transition metal salt among the surfactant domains is increased as keeping 

mesophase stable [63]. The function of charged surfactant is to balance the total charge 

of the interface between surfactant domains and metal salt species among those surfactant 

domains. As indicated in Figure 1.3-a, the metal salt is confined in a very narrow space, 

2-3 nm. The high surface area of confined salt species neutralized by charged surfactant 

shows a lower melting point compared to the bulk state, even liquid or molten below 0 

oC. The stable lyotropic liquid mesophase with two surfactants and various transition 

metal nitrate have been converted to mesoporous MnCo2O4, NiCo2O4 LiMn2O4, ZnCo2O4 

and NiO for many applications [61], [64]–[66]. The general MASA method is described 

as Figure 1.3-b. In this thesis, the fundamentals of MASA were used to develop the 

mesoporous metal oxide and sulfide thin films.  

 

Figure 1.3 a) Schematic illustrations of mesophase of two surfactants and metal salt. b)  

MASA method 

 

1.8 Mesoporous Metal Sulfides  
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Mesoporous transition metal sulfides have attracted great attention owing to their 

superior performance as catalysts, electrodes, and photocatalytic materials [67]–[71]. As 

discussed in the synthesis of mesoporous metal oxide via hard templating, the same 

strategy was applied for the synthesis of mesoporous metal sulfides such as FeS2, CoS2, 

NiS2, WS2, and MoS2.[72], [73]  Two kind of hard templating method was applied to 

obtain mesoporous metal sulfides. Metal nitrates in mesoporous silica are converted to 

interconnected metal oxide composite by calcination and then reacted with H2S to obtain 

its metal sulfide form. On the other hand, metal nitrates in mesoporous silica are directly 

reacted with H2S to obtain its metal sulfide form. In both strategies, the silica framework 

is removed by etching HF or concentrated KOH solution. Schematic illustrations of two 

strategies are depicted in Figure 1.4.  

 

Figure 1.4 Schematic illustration of nanocasting method form mesoporous metal 

sulfides 

 

Likewise, in the hard templating method for mesoporous metal oxides, the volume 

contradiction of metal precursor after conversion from metal oxide to sulfide or direct 

conversion into metal sulfide outcome the disconnected mesoporous metal sulfide 

powders, even if thin-film silica template is used. Only electrodeposition of metal 
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precursor into mesoporous silica was able to fill all pores without disconnection along 

with porous media [74]. However, all nanocasting method has long-lasting multi-steps 

that take 1-7 days to obtain final products. Dag et. al. also showed that mesoporous silica-

CdO and ZnO thin films prepared by MASA method were easily converted into 

mesoporous silica-CdS and ZnS films in an H2S environment [75]. With the aid of dilute 

HF solution, silica was etched and mesoporous CdS and ZnS thin films consist of weakly 

connected and nanoflakes were formed. Another disadvantage could be the corrosion of 

metal sulfides during the removal of the silica template. 

The other method to produce mesoporous transition metal sulfides is the oxide-

to-sulfide conversion strategy. Suib et. al. introduced that amorphous mesoporous Fe2O3 

prepared by surfactant templating sol-gel method can be converted into mesoporous FeS2 

in an H2S environment [68]. This was also a two-step protocol consuming time and 

enabling only mesoporous FeS2 powders samples without risk of corrosion. Tolbert et. 

al. showed that mesoporous MoS2 thin film samples were synthesized by thermal 

sulfurization of mesoporous MoO2 thin film prepared by the EISA method [76]. However, 

produced mesoporous MoS2 thin film has thicker walls, about 85 nm with 5 nm pore size, 

lead to a low accessible surface. The gas-phase oxide-to-sulfide conversion process 

typically requires a long reaction time under a highly poisonous H2S atmosphere.  

Synthesis of mesoporous metal sulfide by soft templating is still very challenging 

due to the uncontrollable fast precipitation process between metal salts and the S2
– ions. 

Early examples of the soft templating method were prepared ordered mesostructures 

composed of CdS and ZnS materials using nonionic surfactant as a structure-directing 

agent [77], [78]. However, other transition-metal sulfides (e.g., CoS, NiS) is a lot more 

challenging due to the uncontrollable precipitation speed between metal salts and the S2– 

ions and low affinity between metal salts. Yamuchi showed that diblock copolymer 

polystyrene-block-poly(acrylic acid) (PS-b-PAA) templates could be used to direct the 

assembly of Co nitrate, phosphomolybdic acid hydrate, and dithiooxamide as sulfur 

precursor at room temperature [79]. After annealing in N2 environment, MoS2/CoMoS2 

mesoporous powder containing an interconnected network of pores was obtained.  

However, a very expensive PS-b-PAA polymer was used and this method enables only 

powder samples.  

1.9 Aim of the Study 



 

14 

This study aims to develop a one-step protocol enabling mesoporous metal sulfide 

and oxide thin films and investigate their electrochemical activity towards HER and OER. 

The protocol for mesoporous sulfide offers a novel understanding of the soft templating 

method to the literature. The durability of developed electrocatalysts is investigated in 

detail towards HER and OER by combining electrochemical tests and structural 

characterizations after and before various performance tests of HER and OER. 

The outline of the thesis is as follows: 

Chapter 2 –Methodology is given to have a basic theory about the instruments used for 

characterization and electrochemical activity tests. First, the theoretical background of 

characterization instruments was introduced. Final, the theoretical background for 

electrochemical activity tests was explained. 

Chapter 3 –Synthesis of mesoporous NiS2 thin films describes the optimization of soft 

templating method for mesoporous nickel sulfides. 

Chapter 4 –Mesoporous nickel sulfides thin films for a hydrogen evolution reaction 

describes the performance and durability of meseporous nickel sulfides in different 

phases toward HER in both alkaline and acidic electrolyte. 

Chapter 5 –Mesoporous thin films for an oxygen evolution reaction describes the 

performance and durability of meseporous NiS2 and iron nickel oxides in different phases 

toward OER in alkaline electrolyte. 

Chapter 6 –Mesoporous MoS2 thin films describes the optimization of soft templating 

method for mesoporous MoS2, and  their  performance and durability toward HER in 

acidic electrolyte. 
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2 METHODOLOGY 

2.1 Characterization Techniques 

 X-ray Diffraction (XRD) 

X-ray diffraction is a common technique for the determination of crystal structures 

and atomic spacing. The interatomic distances in crystals and molecules between 0.15 

and 0.4 nm corresponding to the electromagnetic spectrum with the wavelength of x-rays 

having photon energies between 3 and 8 keV.  X-ray diffraction is relying on constructive 

interference of monochromatic X-rays and an ordered crystal structure. Monochromatic 

X-rays are directed toward the sample. Only X-rays that obey Bragg's Law (nλ=2d sin θ) 

undergo constructive interference with the sample. This law relates the wavelength of X-

ray to the diffraction angle and the lattice spacing of crystals or long-range orderly 

periodic arrangements, see Figure 2.1. 

In this thesis, we explored the LLC mesophases arrangement as in Figure 2.1b and 

the crystal structures of the final materials obtained as in Figure 2.1a, such as mesoporous 

nickel sulfides and NiFeoxides by using XRD. 

 

Figure 2.1 The Schematic illustration of how Braggs law work in a crystal (a) and a 

hexagonally ordered LLC mesophase (b). 
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 Fourier Transform Infrared Spectroscopy (FT-IR) 

FT-IR spectroscopy is a powerful tool for identifying organic and inorganics 

compounds because, except for a few homonuclear molecules such as CO2, N2 and Cl2, 

all molecular species absorb light in the infrared region. Infrared spectroscopy offers the 

potential for determining an unusually large number of substances because each 

molecular species has a unique infrared absorption spectrum.  

The energy of infrared radiation can excite vibrational and rotational transitions, 

but it is not enough to excite electronic transitions. Therefore, it is one of the harmless 

characterization tools. In addition, infrared absorption occurs not only with organic 

molecules but also with covalently bonded inorganics, which are generally active in the 

longer wavelength of the infrared region. 

In this thesis, FT-IR spectroscopy was used for the optimization of the 

development of mesoporous materials such as the analysis of the lyotropic liquid 

crystalline mesophase, the surface purity of the obtained final materials, tracking the 

decomposition or calcination of surfactants after thermal treatments. 

 

 Scanning Electron Microscopy (SEM), Transmission Electron Microscopy 

(TEM), Scanning Transmission Electron Microscopy (STEM), and Energy 

Dispersive X-ray Spectroscopy (EDS) 

The scanning electron microscope (SEM) produces images by scanning the 

sample with a high-energy beam of electrons. The electrons interact with matter in 

number ways as seen Figure 2.2.  SEM uses secondary and backscattered electrons to 

create the visual images of the sample. These electrons are counted by several detectors 

to form signals. When the electron beam strikes the specimen, it penetrates the sample to 

a depth of a few microns, depending on the energy of electron beam and the density of 

the sample. Many signals, like secondary electrons and X-rays, are produced as a result 

of this interaction inside the sample. 

The maximum resolution obtained in an SEM depends on multiple factors, like 

the electron spot size, types of used dedectors, conductivity of the specimen and 

interaction volume of the electron beam with the specimen. With technological 
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developments, new brands of SEMs can reach the resolution below 1 nm but not atomic 

resolution. 

 

Figure 2.2 Signal emitted from different parts of the interaction volume. 

 

In transmission electron microscopy (TEM), beams of electrons interact with the 

sample as the beam is transmitted through the specimen. The transmitted electrons form 

the bright field image. Regions that are thicker, have a higher atomic number, or higher 

density will appear darker. The image is a two-dimensional projection of the specimen. 

In dark field images, the aperture while one blocks the direct beam or more diffracted 

beams are allowed to pass the objective aperture. Since diffracted beams have strongly 

interacted with specimen, very useful information is present in dark-field images, e.g., 

about planer defects, impurities.  

 Scanning transmission electron microscopy (STEM) is a combination of the SEM 

and TEM, it gives the significant advantage such as allowing for a correlation between 

surface and bulk information in a higher resolution.  For both SEM and STEM, X-rays 
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produced by the interaction of electrons with specimens are used for elemental 

characterization of the samples in energy-dispersive x-ray spectroscopy. (EDS) All 

possible electron sample interactions was illustrated in Figure 2.2. 

In this thesis, SEM was used for the topological analysis of as-prepared or tested 

mesoporous electrodes like porosity, the thickness of the films. EDS was used for the 

compositional analysis of as-prepared or tested electrodes. While HR-TEM was used for 

the structural analysis of as-prepared or tested electrodes, STEM was used for the 

topological analysis of as-prepared or tested mesoporous electrodes, especially 

mesoporosity. 

 

 N2 Sorption Analysis 

Molecules and atoms can attach to any surface in two ways, physisorption and 

chemisorption. In physisorption, there is a van der Waals interaction between the 

adsorbate and the substrate.  In N2 sorption analysis in which the physisorption is utilized, 

the sample is degassed to ensure that its surface is totally clean and a N2 gas at a series of 

pressures which will adsorb to the surface and to the walls of the pores is dosed. The free 

gas and the adsorbed nitrogen gas are in dynamic equilibrium, and the fractional coverage 

of the surface depends on the pressure is called the sorption isotherm. 

The simplest physically plausible isotherm, Langmuir isotherm, is based on three 

assumptions: 

1. Adsorption cannot proceed beyond monolayer coverage. 

2. All sites are equivalent, and the surface is uniform. 

3. There is no interaction between adsorbed molecules. 

If the initial monolayer can behave as a substrate for further adsorption, rather 

than the isotherm decreasing to some saturated value at high pressures, it can rise 

indefinitely. The most widely used isotherm engaging in multilayer adsorption was 

described by Stephen Brunauer, Paul Emmett, and Edward Teller and is named the BET 

isotherm. A BET isotherm is not accurate at all pressures, but is widely used in this thesis 

at low relative pressures (P/Po) to determine the surface area of the mesoporous samples. 
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Figure 2.3 IPUAC Classification of isotherms [80] 

 

A classification of physisorption isotherms (Figure 2.3) which are broadly useful 

in the characterization of subcritical isotherms on rigid adsorbents has been standardized 

by the IUPAC.  The mesoporous materials, the main focus of this thesis, show the type 

IV isotherm since a hysteresis loop occurs due to capillary condensation in the adsorption 

and desorption isotherms. 

 

 X-ray Photoelectron Spectroscopy 

XPS is a surface-sensitive spectroscopic technique often used to investigate the 

chemical composition as well as the electronic structure. X-rays are emitted onto the 

sample surface. XPS, based on the photoelectric effect, was developed in the mid-1960’s 

as a practical technique by Kai Siegbahn and his research group at the University of 

Uppsala, Sweden. 

  In XPS, an incident X-rays excites a photoelectron, and this photoelectron escapes 

with the kinetic energy that is equal to how much energy that X-ray gives minus how 

tightly the electrons itself to nucleus (binding energy) and the calibration factor, work 
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function. Generally, XPS is presented on a binding energy scale in which the binding 

energies are characteristic for the elements. If the upper shell electrons fill at the place of 

the exited electrons, the energy is released and excites the upper shell electrons, called 

Auger electron emissions. These two processes are represented in the Figure 2.4. XPS 

using soft X-rays can probe all of the orbitals in only the light elements.  

 

Figure 2.4 The photoelectron and Auger Electron Emission 

 

The inelastic mean free path of the electrons is dependent on the kinetic energy of 

X-ray and the composition of elements. XPS is a surface-sensitive since electrons travel 

only a few nanometers through solid materials. %95 of the signal comes from within 5 

nm of the surface or less.  

The binding energy is dependent on electron-electron repulsion and electron-

nucleus attraction.  For a given orbital, binding energy will increase with atomic number. 

When the orbitals' angular momentum couples with the orbital spin, spin-orbit coupling 

occurs, resulting in the lifting of the degeneracy of the energy levels of the electrons in 

the same orbital. The oxidation number and the total electron density cause the chemical 

shift of the binding energies. In this thesis, XPS was used intensively to investigate the 

chemical composition of as-prepared and tested electrodes. 
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 Inductively Coupled Plasma - Optical Emission Spectrometry (ICP-OES) 

ICP-OES is a type of spectrometer that allows the simultaneous identification and 

quantification of trace elements in aqueous samples. The analysis is mainly used to test 

elements in liquid samples down to parts per billion detection limits (ppb). ICP-OES 

consists of two defining components, inductively coupled plasma and optical emission 

spectroscopy. The plasma, is a state of matter that is formed at very high temperatures, is 

used as the source for the spectrometer. The temperature of the plasma is approximately 

7000 K, causing gas to ionize and become electrically conductive. In practice, the liquid 

sample is first turned into an aerosol by a nebulizer. Then, the sample gets injected into 

the plasma torch.  The plasma torch ionizes or breaks the sample down to its individual 

ions and atoms which are in an energized state. They will eventually return to their lower 

energy state and emits light in the process. The wavelength of the light is related to the 

type of the elements and its intensity is related to the concentration elements in the 

sample. The wavelengths and intensities of these spectra are then measured by the 

detector and converted into various elements and concentrations. 

In this thesis, ICP-OES was intensively used for the elemental composition of as-

prepared and tested electrodes. In addition, it was used to detect any contamination of the 

electrodes coming from the electrolyte or counter electrode and the quantification of 

dissolved elements of the electrodes in the electrolyte during electrochemical 

performance test runs in ppb level. 

 

 Polarized Optical Microcopy (POM) 

A simple polarizing microspore is an optical microscope composed of a detector, 

lenses and polarizing filters as represented in Figure 2.5. A first filter selects a 

polarization, which means a single orientation among all waves, which compose light. A 

second polarizing filter selects a single orientation. When the oriantations of two filters 

are perpendicular, no wave can transmit anymore. A sample is positioned along the light 

beam. If it is birefringent, it will split the light by polarization into two ways with different 

delays. The second filter transmits only the waves whose polarization was tilted by the 

sample. The sample becomes visible. The POM allows to visualize and characterize 

birefringent samples. To illustrate, as the hexagonally ordered LLC mesophase shows a 

texture under a POM, the cubic NaCl crystals are invisible. In this thesis, the POM 
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technique was used intensively to characterize the structure and stability of LLC 

mesophases. 

 

Figure 2.5 The polarized optical microscope setup 

 

2.2 Electrochemical Tests 

 Linear Seep Voltammetry (LSV) and Cyclic Voltammetry (CV) 

The kinetics of the electrode process can be studied by the voltammetry in which 

the current is monitored as the potential is changed. Depending on the type of the potential 

signal, many voltammetric methods are available. In this thesis, the linear sweep 

voltammetry (LSV) and cyclic voltammetry (CV) intensively were used to investigate the 

electrochemical activities and properties of the electrodes such as capacitance for 

hydrogen evolution or oxygen evolution reactions. 

 

Figure 2.6 The applied potential diagram with time for LSV and CV 
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In LSV, the potential of the working electrode is ramped from the initial potential 

to the final potential. The way direct current potential of the indicator electrode varies 

with time is a potential ramp. In LSV, the potential linearly varies with time. In cyclic 

voltammetry, the potential is similarly ramped from an initial potential but at the end of 

its linear sweep, called forward scan, the direction of the potential san is reversed usually 

stopping at the initial potential, called reverse scan. The potential at which reverse occurs 

is known as switch potential.  

 

 Chronoamperometry (CA) 

Chronoamperometry is an electrochemical technique in which the constant 

potential of the working electrode is applied and the resulting current from faradaic 

reactions occurring at the electrode is recorded as a function of time. In this thesis, 

chronoamperometry was intensively used to test the durability of the electrodes during 

HER and OER. 

 

 Electrochemical Impedance Spectroscopy (EIS) 

The term impedance refers to the frequency-dependent resistance to the current flow of a 

given circuit element such as a resistor, capacitor, inductor, etc.  

Impedance: Zω=Eω/Iω 

• Eω=Frequency-dependent potential and Iω=Frequency-dependent potential 

Ohm’s Law: R=E/I 

• R= impedance at the limit of zero frequency 

EIS can determine diffusion-limited reactions and give information on the capacitive 

behavior of the electrochemical system. The measurement of impedance is conducted by 

applying an oscillating bias and measuring the oscillating current response. The equation 

of oscillating voltage can be written down 

E(t) = |E| sin(ωt) 
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where |E| is the amplitude of the voltage signal and ω=2πf (the angular frequency). The 

response will be a current with an amplitude |I|, which is also shifted in phase from the 

applied signal: 

I (t) = |I| sin(ωt+ θ) 

The current shifted in phase because of reactance in addition to the resistance. The 

impedance is expresses as:  

𝑍 =  
𝐸(𝑡)

𝐼 (𝑡)
=  

|𝐸| sin 𝜔𝑡

|𝐼| sin(𝜔𝑡 +  𝜃)
=  |𝑍|  

sin 𝜔𝑡

sin(𝜔𝑡 +  𝜃)
=  |𝑍| 𝑒𝑖𝜃 

EIS data may be represented as either a vector or a complex quantity. A vector is 

described by the impedance magnitude and the phase angle. As a complex quantity, total 

impedance is the sum of the real and imaginary parts of impedance, Z real and Z 

imaginary. This is the basis for the Nyquist plot, which is the plot of the real and 

imaginary parts of the impedance that often used for the characterization of resistance of 

electrocatalysts as used in this thesis. Both are different representations of the impedance 

and are mathematically equivalent. Electrochemical cells can be modelled as a network 

of passive electrical circuit elements like resistance, capacitance, etc. A network is called 

an equivalent circuit. The EIS data of an equivalent circuit can be calculated and 

compared to the actual EIS data of the electrochemical cell as seen in the Figure 2.7.  

 

Figure 2.7 The electrochemistry on an electrode surface as a circuit 
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3 MESOPOROUS NICKEL SULFIDES  

3.1 Introduction 

As discussed in the first chapter, the synthesis of mesoporous metal sulfides by soft 

templating is still very challenging. In this chapter, we described a facile method to 

fabricate the mesoporous nickel sulfides based on the LLC soft templating of nickel 

nitrate and thiourea with two surfactants. The effects of the annealing temperature and 

starting Ni/S precursor ratio on the morphology, crystal stucture and composition were 

investigated in detail by using many characterization tools such XRD, BET, TEM, SEM 

and etc.  

 

3.2 Experimental Section 

All chemicals, cetyltrimethylammonium bromide (CTAB), polyoxyethylene (10) 

lauryl ether (C12EO10), nickel nitrate hexahydrate (Ni(NO3)2.6H2O) and thiourea 

(CH4N2S) were purchased from Sigma-Aldrich unless otherwise specified. 

 

 Preparation of Solutions of Nickel and Sulfur Precursor and Surfactants  

In a typical solution preparation, CTAB, C12EO10, nickel nitrate hexahydrate, and 

thiourea are mixed in a 25 ml vial with deionized water. The solution is stirred for one 

day in order to make sure it is homogenous and clear (green). A Schematic illustration of 

the typical solution preparation is indicated in Figure 3.1. 
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Figure 3.1 Schematic illustration of the preparation of Ni and S precursors and 

surfactants solution 

 

The amounts of each ingredient for the preparation of all solutions are tabulated 

in Table 2.1. Deionized water was kept constant in all solutions, 5 g. As CTAB/ C12EO10 

mole ratio was kept being 1.0 for all solutions, nickel salt/CTAB and thiourea/CTAB 

mole ratios were altered. The mole ratio nickel salt and thiourea to CTAB mole ratios 

were used for labeling the solution.  

 

Table 3.1 The amounts of CTAB, C12EO10, nickel nitrate hexahydrate, thiourea and 

deionized water for each solution 

Notation of solutions 

Mole ratios 

(Ni salt/Thiourea) 

Nickel 

nitrate 

(g) 

 

Thiourea 

(g) 

CTAB 

(g) 

C12EO10 

(g) 

Deionized 

water 

(g) 

06/00 1.392 0.000 0.291 0.500 5.0 
06/06 1.392 0.364 0.291 0.500 5.0 

06/09 1.392 0.546 0.291 0.500 5.0 

06/12 1.392 0.729 0.291 0.500 5.0 

 

 Preparation of Lyotropic Liquid Crystalline (LLC) Mesophase 

The mesophases were prepared by spin coating of solutions their ingredients are 

given in table 3.1 for thin LLC films. Spin coating was applied to prepare LLC and further 

mesoporous nickel sulfide thin films. A few drops of the solution were placed on the FTO 

or microscopic glass and it was spun for 20 s at 1000 rpm by a spin coater. To obtain 



 

27 

thicker mesophase, drop-cast coating on the microscopic slides was also applied. Drop-

casting was applied by placing a few drops of solutions and aged for evaporation of 

deionized water. Schematic illustration of both drop-casting and spin coating methods are 

indicated in Figure 3.2. 

 

Figure 3.2 Schematic illustration of spin coating and drop-casting casting methods. 

 

 Synthesis of Mesoporous Nickel Sulfides  

Mesoporous nickel sulfide thin films were prepared via annealing at various 

temperatures in an inert N2 atmosphere. Spin-coated samples were sandwiched by another 

glass slide placed on top and for example, they are annotated as Ni06-S12-200C-capped, 

where 06 and 12 are mole ratios of Ni salt and thiourea to CTAB, 200C is the final 

annealing temperature (200 °C). The samples annotated as 300C, 400C and 500C were 

initially annealed at 130 °C for 2 hours and then annealed at notated temperature for 

another 2 hours. The case that samples were not sandwiched was annotated as Ni06-S12-

200C-2h-nocapped. In order to get a large amount of samples, drop-casted samples 

without capping were annealed and annotated as Ni06-S12-200C-2h-dropcasted. The 

films were scrapped from the glass slides by using a razor for the TEM and BET analysis. 

The Schematic illustration of the synthesis of mesoporous Ni sulfide thin film is depicted 

in Figure 3.3. 
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Figure 3.3 Schematic illustration of the synthesis of mesoporous Ni sulfide thin films 

 

3.3 Instrumentation 

Powder X-ray diffraction (XRD) measurements were performed at room 

temperature on a Bruker D-8 diffractometer (Cu Kα radiation, λ = 1.5406 A). A beam 

voltage of 40 kV and a current of 40 mA were used. The powder sample was collected 

by scratching films from the glass slides. The phase identification of patterns recorded by 

X-ray diffractometers was done by using PDF cards of Bruker EVA software program with 

international center for diffraction data (ICDD). FTIR spectra of the mesophase, heat-

treated, and washed samples were recorded by using Perkin Elmer Frontier MIR-ATR 

Spectrometer with 4 cm-1 spectral resolution. A Zeiss Supra 50VP SEM with an 

accelerating voltage of 20 kV equipped with an energy dispersive spectrometer (EDX) 

was used to analyze the film morphology and composition of the samples. Low and high-

resolution TEM images were performed on a Jeol JEM 2100F field emission electron 

microscope under 200 kV. BET surface area and BJH pore-size distribution of all 

synthesized materials were measured using a Micromeritics ASAP 2020 automated gas 

sorption analyzer. 

 

3.4 Liquid Mesophase of Nickel Nitrate-Thiourea System with Two Surfactants 

Thiourea was one the most widely used sulfur precursor in the synthesis of metal 

sulfides due to high solubility in various solvents (e.g. water, alcohols), air stability, 

commercial availability, and low decomposition temperature. The addition of thiourea 

into LLC mesophase of nickel nitrate with CTAB and C12EO10 surfactants is very critical 

to obtain mesoporous nickel sulfides. Therefore, the formation and stability of the liquid 
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mesophase of nickel nitrate-thiourea system with two surfactants were investigated 

extensively. 

 

 Liquid Mesophase Formation and Characterization 

Nickel nitrate salt with two surfactants forms LLC mesophase. Nickel nitrate 

species fill among the surfactant domain aggregated upon evaporation of water. The 

sulfur precursor, thiourea, which is also soluble in water, can place next to nickel nitrate 

salt species among the hydrophilic space of surfactant domains. The LLC mesophases of 

nickel nitrate salt/CTAB and thiourea/CTAB mole ratios are investigated by a small angle 

XRD measurement and POM, see Figure 3.4 and Figure 3.5, respectively. 

 

Figure 3.4 Small-angle XRD patterns of LLCs of various nickel nitrate and thiourea 

mole ratios 
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Figure 3.5 POM images of LLCs of various nickel nitrate and thiourea mole ratios 

 

Ni06-S00 and Ni06-S06 samples display the fan texture under a polarized optical 

microscope (POM), typical characteristics of an ordered 2D-hexagonal LLC mesophase. 

They also present the diffraction lines at between 1o and 2o, indicating the formation of 

ordered LLC mesophase. Increasing thiourea content distracts the LLC mesophase 

because the diffraction line at a small angle is mostly weakened and the fan texture under 

a POM vanishes for Ni06-S09 and Ni06-S12 samples. Besides, the LLC mesophases with 

higher content of thiourea can keep the whole inorganic species in the mesophase. The 

stability of LLC mesophase is very critical to keep the mesostructure upon annealing 

intact. As any inorganic species leach out from the liquid crystalline mesophase, the 

inorganic compound with targeted stoichiometry in the mesoporous structure cannot be 

formed. The decomposition of inorganic species must be in the confined space among the 

surfactant domains.  

 

3.5 Optimization of the Synthesis of Mesoporous Nickel Sulfides 

Nickel sulfides can naturally be occurring and can have various artificial phases 

and stoichiometries such as NiS, NiS2, Ni3S2, Ni3S4, Ni7S6, Ni6S5, and Ni9S8. The phase 

diagram of the nickel and sulfur reveals that temperature and Ni/S mole ratio present in 
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the reaction system are key parameters for the phase of nickel sulfide. The lowest 

obtainable Ni/S stoichiometric ratio is belonging to pyrite NiS2. Hence, the liquid 

crystalline mesophase of which Ni/S ratio is 1/2 was extensively studied to optimize the 

protocol allowing mesoporous nickel sulfide. 

 Annealing of Liquid Crystalline Mesophase 

Non-identical thermal stability of components of the nickel nitrate salt, thiourea, 

and surfactants in the liquid crystalline mesophase is useful for designing the synthesis 

protocol of mesoporous nickel sulfide. The late decomposition temperature of surfactants 

comparing to nitrate ion and thiourea provide time for the formation of nickel sulfide 

crystallites among the surfactant domains. For identification of the composition, particle 

size, and crystal structure of the annealed sample, diffraction patterns of as-prepared 

sample and samples annealed at selected temperatures were recorded, see Figure 3.6. To 

reveal the underlying mechanism in the formation of mesostructured nickel sulfides, 

temperature-dependent analysis, DSC and TGA, were performed, see Figure 3.7.  

 

Figure 3.6  XRD patterns of Ni06-S12-dropcasted at room temperature and annealed at 

different temperatures 130 ℃ and 400 ℃ and the simulated NiS2 and NiS XRD patterns 
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 According to the XRD patterns of Ni06-S12-dropcasted sample, the mesophase 

was transformed to pyrite NiS2 at an annealing temperature of 130 ℃. The broad 

diffraction lines belonging to reference PDF-04-019-5301 points out the NiS2 

nanocrystallites. With increasing temperature up to 200 ℃, the diffraction lines get 

sharper, indicating an increase in the crystal size. At an annealing temperature of 300 ℃, 

nearly half of pyrite NiS2 started to decompose into NiS. Full conversion of NiS from 

NiS2 is achieved at 400 ℃. The diffraction lines of NiS are matched with the reference 

PDF 04-002-6886. 

 

Figure 3.7 TGA/DSC data of Ni06-S12-dropcasted 

 

DSC curve of Ni06-S12-dropcasted sample represented sharp endothermic and 

subsequent exothermic peaks between temperatures of 100 ℃– 130 ℃. The endothermic 

peak is most probably corresponding to the decomposition of thiourea. Then, the 

sulfurous products such as H2S, CS2, and SCN react with Ni2+ and form pyrite-type NiS2 

compounds that correspond to the subsequent exothermic peak. Following endothermic 

peaks may belong to nitrate decomposition at mainly between 140 ℃ and 185 ℃, the 

transformation of NiS2 into NiS and surfactant carbonizatiın at between 210 ℃ and 300 

℃. TGA curve of Ni06-S12-dropcasted sample has three decomposition steps that 
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consistent with the decomposition of thiourea, the transformation of NiS2 into NiS and 

surfactants carbonization. 

 

Figure 3.8  N2 adsorption−desorption analysis and  pore size distribution of (a-b)  Ni06-

S12-185C-dropcasted and (c-d) Ni06-S12-400C-dropcasted 

To prove mesoporosity of the samples after annealing the liquid crystalline 

mesophase of nickel nitrate, thiourea, and two surfactants, N2 adsorption-desorption 

isotherms of   Ni06-S12-dropcasted samples annealed at 185 ℃ and 400 ℃ were 

recorded, see Figure 3.8. Ni06-S12-dropcasted sample annealed at 185 ℃ was washed 

initially in order to remove surfactants and obtain mesoporous structure. The hysteresis 

on the adsorption and desorption behavior confirms the mesoporosity. The type IV 

isotherm observed is characteristic of the mesoporous materials.[81] The Brunauer-

Emmett-Teller (BET) surface area is about 69 m2/g. The Barrett-Joyner-Halenda (BJH) 

analysis exhibits narrow pore-size distribution peaking around 3 nm and a broad pore-

size distribution starting 20 nm to above 100 nm. Mesopores size (3 nm) is consistent 

with the size of surfactant domains in the liquid crystalline mesophase of nickel nitrate, 

thiourea, and two surfactants. Larger pore size distribution may be originating with the 

mass and volume contradiction induced by annealing.  
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The surfactants' carbonization by annealing the sample at further temperatures 

may induce porosity owing to the volume shrinkage and decomposition of surfactants.  

Ni06-S12-dropcasted samples annealed at 400 ℃ also the hysteresis on the adsorption and 

desorption. However, BET surface area is decreased to about 62 m2/g, and narrow pore-

size distribution peaking around 3 nm vanishes. Instead, it shows a broad pore-size 

distribution shows starting about 5 nm to above 100 nm.  Both phase transformation from 

NiS2 to NiS and increase in the crystal size demolish the small mesopores and collapse 

into bigger ones.  

 

 

Figure 3.9 Low and high magnification SEM images of (a-b) Ni06-S12-185C-

dropcasted and (c-d) Ni06-S12-400C-dropcasted samples 

 

In the SEM images of the drop-casted sample annealed at 185 ℃ and 400 ℃ (see 

Figure 3.9), agglomerated powder particles are observed. Even if the capability resolution 

of the microscope is not enough to image in detail, mesopores openings have been 

detected for both samples. As annealing at low temperature provides more mesoporous 

texture, an increase in annealing temperature diminishes porous structure and enlarging 

pore openings, which is consistent with their N2 sorption analysis.  
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The decomposition of nitrate and thiourea and formation of NiS2 cause the large 

volume difference between the precursors (nickel nitrate hexahydrate and thiourea) and 

NiS2, resulting in the shrinkage of the liquid crystalline mesophase and solidification as 

spherical particulates, justifying broad pore-size distribution starting 20 nm to above 100 

nm as seen N2 adsorption−desorption analysis. Further annealing promotes the 

carbonization of surfactants, generating additional shrinkage but sintering agglomerated 

particles. 

 Drop-casting method is useful for structural characterizations and porosity 

analysis due to the high amount of sample requirement of those analyses conducted. For 

many applications, as discussed in the literature, thin films are preferred rather than 

powder samples [44]. 

 

 Annealing of capped and non-capped samples for mesoporous nickel sulfides 

Spin coating is one of the powerful cheap techniques for the production of uniform 

thin films. The thickness of the film can be tuned by changing the angular speed of sniping 

or the concentration of the solution. Liquid mesophase of nickel nitrate-thiourea system 

produced by spin coating have usually below micron thickness. As discussed above, 

thermal treatment of the mesophase produces mesostructured NiS2 and transforms into 

mesoporous NiS with the help of the reaction between mostly gaseous sulfurous products 

formed by thiourea decomposition and nickel cation. The thicker mesophase sample 

obtained by drop-casting may create inhomogeneity during the decomposition of 

precursors and the reaction among them. However, bulk or micro characterizations are 

not useful for detecting inhomogeneity on powder samples. Therefore, we applied the 

spin coating of the mesophase and later annealed samples with or without capping another 

glass slide to obtain mesoporous NiS thin films on glass slides. The capping aimed to 

apply the sandwich structure, preventing the escape of sulfurous gasses (CS2, H2S and 

etc.) from the mesophase without reacting nickel cations. The annealing temperature was 

selected to be 500 ℃ to secure the complete formation of all precursors into detectable 

final phases by the characterization. Characterization of the annealed spin-coated films 

was done by using the XRD data and SEM imaging to determine the morphology and 

composition of the final products. 
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Figure 3.10 (a) XRD pattern of Ni06-12-500C-capped and Ni06-12-500C-nocapped 

sample. The SEM images of (b) Ni06-12-500C-nocapped and (c) Ni06-12-500C-

capped. 

 

The diffraction patterns of Ni06-12-500C-capped and Ni06-12-500C-nocapped are 

very different from each other, see Figure 3.10a. Ni06-12-500C-capped sample has two 

crystalline compounds; one of them is NiS as similar to the one obtained by the 

application of the drop-casting method and the other one is crystalline carbon  unlike the 

drop-casting method. On the other hand, Ni06-12-500C-nocapped sample has mainly 

NiO and slightly Ni7S6 crystalline compounds. The annealing thin film of mesophase 

without blocking the escape of gaseous sulfurous compounds results in an incomplete 
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reaction between nickel cation and gaseous sulfurous compounds. Only a small amount 

of nickel cation forms nickel sulfide and the remaining ones just decompose into nickel 

oxide. The carbonization of surfactant is also justified by the observation peak at 29.5 

degrees attributed to crystalline carbon. Remind that the transformation of NiS2 in NiS 

lowered slightly the BET surface area per gram even though small mesopores is 

collapsed. This is because of the fact that carbon gives the extra surface area in the porous 

structure and decreases the bulk density. In the SEM images of annealing without 

capping, Figure 3.10b, the agglomerated particulate powders with large voids are 

observed. On the other hand, the formation of NiS2 and even transforming into NiS 

provides long-ranged continuous film framework when the capping is applied, see Figure 

3.10c. 

 

3.6 Obtaining different mesoporous nickel sulfides 

As observed in the effect of unequal mole ratio of nickel sulfide precursors on the final 

structure for uncapped samples such as Ni7S6, changing nickel to sulfur precursor mole 

ratio may enable the formation of the various phases of nickel sulfide. To test our protocol 

for mesoporous nickel sulfide thin films other than NiS2 and NiS, the spin-coated liquid 

crystalline mesophases having three different Ni/S precursor mole ratios were initially 

converted to NiS2 at 135 ℃ and then annealed at various temperatures. Note that all 

samples were capped during annealing for the full reaction between nickel and sulfur 

precursors. X-ray diffraction patterns of prepared samples were collected to reveal the 

final phase and composition, see Figure 3.11. The diffraction patterns of the samples were 

compared with the reference patterns by using ICDD database.  
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Figure 3.11 XRD patterns of the samples containing different nickel salt to thiourea 

mole ratios (Ni salt/Thiourea) annealed at various annealing temperatures 

 

 

In the diffraction patterns of the Ni06-S12 thin film annealed at 200 ℃, 300 ℃, 

and 400 ℃, pure NiS2, a mixture of NiS2 and NiS and pure NiS phase of nickel sulfide 

were obtained, respectively. Decreasing thiourea content in the liquid crystalline 

mesophase, Ni06-S09, gives a mixture of NiS and Ni7S6 phases of nickel sulfides at 

400℃. For one-to-one precursor mole ratio, Ni06-S06, pure Ni3S2 phase of nickel sulfide 

was obtained. It is obvious that NiS2 is the starting phase and not stable above 200 ℃. 

The mesoporous pyrite NiS2 displays broader diffraction lines, the grain size is found to 

be around 8-9 nm by applying the Scherrer equation. The transformation of NiS2 into NiS 

may produce elemental sulfur. The NiS phase is still stable at high temperatures. 

Mesoporous NiSshows much sharper diffraction lines with grain sizes larger than 25 nm. 

As the NiS2 phase is annealed with non-sulfurous Ni species, the reaction undergoes 

among non-sulfurous Ni species, elemental sulfur, and NiS phase, leading to the 

formation of sulfur deficient nickel sulfides such as Ni7S6 and Ni3S2. The formed phase 

of nickel sulfide is dependent on the amount of Ni species and elemental sulfur produced 

by the decomposition of NiS2. The annealing temperature, sample preparation method, 
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nickel salt to thiourea mole ratios (Ni salt/Thiourea), and obtained nickel sulfide phase 

are tabulated in the Table 3.2. 

 

Table 3.2 The annealing temperature, sample preparation method, nickel salt to 

thiourea mole ratios (Ni salt/Thiourea), and obtained nickel sulfide phase for each 

sample 

Notation of solutions 

Mole ratios 

(Ni salt/Thiourea) 

Annealing 

temperature 

(℃) 

 

Sample 

preparation 

method 

Nickel sulfide phase 

06/12 135 capped NiS2 

06/12 185-200 capped NiS2 

06/12 300 capped Mainly NiS + NiS2 

06/12 400 capped NiS 

06/12 500 capped NiS 

06/12 500 no capped Mainly NiO + Ni7S6 
06/06 400 capped Ni3S2 

06/09 400 capped Mainly NiS + Ni7S6 

 

 

3.7 Detailed Characterization of Mesoporous NiS and NiS2 thin films 

 

The aim of this study is to develop a facile and one-step method for the mesoporous 

metal sulfide thin films and their application of water splitting as electrodes. Up to now, 

we have discussed the flexibility and limits of our novel protocol by using common 

characterization tools used for mesoporous materials. According to the N2 sorption and 

XRD analysis of synthesized samples, mesoporous NiS2 thin film shows the most 

mesoporous thin film characteristic in accordance with the main purpose. Hence, we 

focused on the detailed characterization of especially mesoporous NiS2 thin films by 

utilizing high-resolution TEM, STEM, and SEM (with EDS) in order to reveal their all 

structural and morphological properties. 
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Figure 3.12 Low and high magnification of SEM images (a-b) non-washed Ni06-S12-

185C-capped, (c-d) washed Ni06-S12-185C-capped and (e-f) Ni06-S12-300C-capped 

samples 

 

SEM images of non-washed mesoporous NiS2 thin film sample, see Figure 3.12a-

b, show less textured surface features with 20-25 nm sized NiS2 crystals. Removing 

surfactant via washing makes those features more visible due to most probably an increase 

in the conductivity of the film, see Figure 3.12b-c. Further annealing, 300 ℃, the size of 

crystals is decreased, and the film's texture is becoming much more perforated see Figure 

3. 12d-e. This may be the result of the decomposition of many parts of NiS2 into NiS. 
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Figure 3.13 (a) EDS spectrum of non-washed Ni06-S12-185C-capped, washed Ni06-

S12-185C-capped and Ni06-S12-300C-capped samples. (b) FT-IR spectrum of Ni06-

S12 mesophase, non-washed Ni06-S12-185C-capped, and washed Ni06-S12-185C-

capped samples 

 

The EDS was also performed on the samples imaged by SEM (Figure 3. 13a) for 

compositional analysis. The Ni/S atomic ratios of both washed and non-washed 

mesoporous NiS2 are the same and about 1/2. This ratio is reduced to 1/1.2 for the sample 

annealed at 300 ℃. It is expected that the sample consists of a mixture of mainly NiS 

phase and less amount of NiS2. Surfactants were washed out by dipping the samples into 

distilled water. As indicated in the FTIR spectra (Figure 3.13b), the symmetric and anti-

symmetric stretching modes of C-H at around 2820 and 2920 cm-1 vanish after washing, 

confirming the complete removal of surfactants. 
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Figure 3.14 (a-b) SEM, (c) HAADF-STEM, and (d-e) low and high magnification TEM 

images of washed Ni06-S12-185C-capped. TEM image shown in (e) is obtained from 

the region indicated by a black rectangle in (d). The inset is the FFT of the image (e). (f) 

Schematic illustration of mesoporous NiS2. 

 

The washed mesoporous NiS2 thin film, seen in the panoramic SEM image of 

Figure 3.14a, was scrapped by using a razor blade. The film thickness varies from 300 to 

500 nm and films appear to be integrated (Figure 3.14b). To further understand the 

structural details of the mesoporous NiS2 films, a series of STEM and TEM  mages have 

also been collected. HAADF-STEM images, in Figure 3.14c, and TEM images, in Figures 

3.14d-e, display the sponge-like disordered mesoporosity created by agglomerated ultra-

small NiS2 nanocrystals (3-5 nm) with pore openings 3-5 nm wide. The value of pore 

openings is consistent with the size of the micelles formed by CTAB and C12EO10. In the 

HR-TEM images (Figure 3.14e), the lattice fringes of NiS2 crystals can be observed. The 

lattice spacing estimated by FFT (fast Fourier Transform) pattern is 0.285 nm which 

represents the (200) lattice plane of the NiS2 nanocrystallites in the pyrite structure. 

Combining STEM/TEM morphological analysis with the XRD and BET data, we can 

visualize the mesoporous film structure as depicted in Figure 3.14f. The wall thickness of 
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2-3 nm is much smaller than typical mesoporous NiS2 prepared by using hard templating 

method (9-10 nm), whereas both methods yield NiS2 with similar BET surface areas.[82] 

 

3.8 General Summary of Novel Liquid Templating Method for Mesoporous Nickel 

Sulfide 

 

Figure 3.15 The schematic diagram of the liquid templating method for mesoporous 

nickel sulfide 

As a summary, we developed a novel and facile one-step protocol that could be 

classified as a truly soft-templating method without any post-sulfurization process to 
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obtain mesoporous nickel sulfide thin films, as summarized schematically in Figure 3.15. 

To illustrate, our protocol provides NiS2 thin films with high surface area and narrow pore 

size distribution, which are crucial material properties for many advanced applications, 

especially electrodes in electrolysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

45 

4 MESOPOROUS NICKEL SULFIDES THIN FILMS FOR A 

HYDROGEN EVOLUTION REACTION  

4.1 Introduction 

Noble metal-based electrocatalysts, such as platinum, show superior catalytic 

activity and stability;[83] however, their high cost and scarcity severely limit their 

widespread utilization in electrochemical applications.[84] HER electrocatalysts that are 

fulfilling all requirements (inexpensive, abundant, durable, and efficient) are being 

researched intensively and recently the focus has been directed into transition metal (TM) 

sulfides,[85]–[93] selenides,[94]–[98] nitrides,[99]–[101] phosphides,[102]–[106] and 

carbides[107]–[109] that demonstrate a potential to eliminate noble metals. Among the 

reported materials, the cubic pyrite-phase TM dichalcogenides (MX2 where M = Fe, Co, 

or Ni and X = S or Se) have been identified as a family of very promising earth-abundant 

and low-cost HER electrocatalysts.[110] 

Various synthesis strategies yield Ni sulfides in different chemical compositions 

and morphologies. Recent studies show that most of those phases are active toward 

HER.[88], [111]–[117] It is however challenging to compare the activities of TM sulfide 

electrocatalysts on the same basis, the geometric current densities rather than specific 

current densities are commonly reported.[118] The onset potentials, the potential at which 

10 mA/cm2 is reached, and the results of the kinetic analysis (Tafel plots) are taken as 

activity measures. It is also well-acknowledged that electrochemical surface areas 

(ECSAs), conductivities of the electrodes, and different morphologies (films, nanorods, 

nanoflakes, etc.) strongly influence the activities. For example, pure NiS2 in different 

morphologies show varying activities in alkaline media with overpotentials between 67 

and 220 mV to reach 10 mA/cm2.[111], [112] A detailed investigation performed by Jiang 

et al. compares HER activities of Ni3S2, NiS, and NiS2 crystals of similar sizes and 

identifies Ni3S2 as a superior electrocatalyst in alkaline media owing to its higher ECSA 

and conductivity.[88] Ni3S2 nanosheets,[113], [114] films grown by atomic layer 

deposition,[115] and nanowires[116] have been shown as the active structural phase, 

similar to flower-like β-NiS.[117] In a recent review by Siegmund et al., more emphasis 

has been placed on the activities of the metal-rich phases like Ni3S2. More specifically, 

pentlandite type of structures (Ni9S8) has been shown to exhibit better HER activities due 

to intrinsic high conductivity.39 
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The active sites of Ni sulfides for HER show surface chemical composition 

dependence. The results of the density functional theory (DFT) calculations indicate that 

Ni-S coordination could be an activity descriptor in Ni sulfides in general.[119] It has 

been suggested that high electronegativity of S could be the origin of high activity of Ni 

sulfides, but it could be a more relevant hypothesis for HER in an acidic environment 

where H+ adsorption is the first step of the two-electron transfer mechanism.[120] In 

alkaline media, Volmer-Heyrovsky (H2O + e- → Had + OH-, H2O + Had + e- → H2 + OH-

) and Volmer-Tafel (H2O + e- → Had + OH-, Had + Had → H2) processes are plausible,[120] 

however, H adsorption (Had) on both processes is expected to be dependent on the active 

surface site. On NiS surfaces, favored H adsorption on Ni sites has been found critical for 

higher H2 turnover.[121] Calculations also suggest that both S and Ni sites on (001) 

terminated NiS2 could be active but free energy of H adsorption on Ni sites is 

smaller.[122] Creation of S vacancies and facilitated H2O dissociation in alkaline and 

acidic media further point out the importance of the under-coordinated Ni sites on the 

surface.[123], [124] 

Despite the high HER activity of the transition metal sulfides, less work has focused 

on evaluating their stability and degradation behavior.[112], [125]–[131] In the course of 

HER, the surface compositions (1-2 nm depth) of the electrocatalyst are generally prone 

to modification while their inner structures remain intact, leading to alteration of the 

surface morphology and active surface area.[126] The durability of electrocatalysts is 

tested by a high number of repeated linear/cyclic voltammetry scans or long period 

chronoamperometry (CA)/chronopotentiometry (CP). However, the initial changes in the 

surface compositions and the morphologies, which are generally ignored, could mislead 

the determination of the active phase that is responsible for the high HER activity. For 

instance, Hofmann et al. have shown that the apparent electrochemical stability of Co2P 

in alkaline media could be attributed to the increased ECSA by the formation of surface 

hydroxyl groups.[130] Similar alternations in the surface regions have also been reported 

for the TM sulfides. V-incorporated NixSy nanowires and CoMnS electrocatalyst have 

been shown to undergo instantly electrochemical cathodic reduction followed by the 

generation of surface hydroxyl groups.[128], [129] On the contrary, Zheng et al. have 

reported that NiS2 flakes are electrochemically reduced to metallic Ni in alkaline 

media.[112] These studies indicate that NiS2 could be identified as a pre-catalyst for HER, 
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but the mechanism behind the formation of new surface composition and corresponding 

activity is still unclear. 

The mesoporous thin films have received growing attention for the electrochemical 

HER catalysis owing to their abundance of accessible mesopores, self-supporting nature, 

high surface area, and exposure of active sites, which can facilitate the charge transfer 

and reactant/product diffusion.[132]–[137] It has been shown that mesoporous CoS2 

microspheres provide superior HER activity compared to most of the previously reported 

catalysts and commercial CoS2.[138]  

Herein, we developed a novel and facile one-step protocol that could be classified 

as a truly soft-templating method without any post-sulfurization process to obtain 

mesoporous nickel sulfides electrodes. The self-assembly of surfactants with TM salts 

and S precursor (thiourea) have been soft-templated into the liquid crystalline system and 

turn into the mesoporous nickel sulfides electrodes with ultra-thin pore walls after heat 

treatment. We compared the electrochemical HER activities of mesoporous metal sulfides 

electrodes including the phases of NiS2, NiS, Ni3S2, Ni7S6 and mixed of some of them in 

alkaline and acidic electrolyte. We revealed that the mesoporous nickel sulfides undergo 

the dissolution toward HER in the acidic electrolyte. The mesoporous NiS2 shows the 

best HER activity in alkaline electrolyte compared to other mesoporous nickel sulfides 

electrodes. Mesoporous NiS2 films show a dynamic HER activity with overpotential 

ranged between 160 and 260 mV for 10 mA/cm2 in an alkaline media while providing a 

platform to reveal the roles of the surface structures in the activity. It has been found that 

mesoporous NiS2 experiences instant transformations from the mesoporous crystalline 

phase into a Ni enriched amorphous sulfide film structure. The surfaces of the latter are 

prone to a reaction with OH- under open-circuit conditions, resulting in a temporary 

enhancement in the HER activity. 

4.2 Experimental Section 

 Preparation of Mesoporous Metal Sulfide Electrodes on FTO 

The metal sulfides, synthesized using liquid crystalline templating over a flat 

fluorine doped tin oxide (FTO) coated glass slides, were used for hydrogen evolution 

reaction (HER). Before spin coating, FTO (1 cm × 2 cm) substrates were cleaned by ultra-

sonication in absolute ethanol. The electrodes were prepared by spin coating the solutions 

of the corresponding composition as given in Chapter 3. Scotch-tape was used to make 
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an area of 1 cm2 on FTO for spin-coating. A few drops of the solution described above 

was placed on the FTO and it was spun for 30 s at 1000 rpm by a spin coater. After spin 

coating, the films were sandwiched between FTO and another glass slide placed on top 

to prevent the release of sulfurous gas without reacting with Ni2+. The mesophase film 

over the FTO was annealed at various temperatures in a nitrogen (N2) atmosphere for 2 

hours. The heat-treated films below 300 ℃ were dipped into deionized water for 3 times 

to wash the surfactants. The electrochemical measurements like LSV, CV and CA and 

also the analysis such as ICP, XPS, TEM, SEM, EDX, etc. were conducted using the 

electrodes. Schematic illustration of the fabrication of electrodes are presented in Figure. 

4.1. The mesoporous films are labelled according to their nickel sulfide phase. In Table 

4.1, the annealing process, the composition of the nickel sulfide phase and the Ni/S ratio 

are tabulated.  

 

 

Figure 4.1 Schematic illustration of the fabrication of mesoporous metal sulfides 

electrodes on FTO substrates 

 

Table 4.1 The notation of the mesoporous nickel sulfide electrodes by mole ratios of 

Ni/S, annealing temperature and nickel sulfide phase 

Mole ratios 

(Ni salt/Thiourea) 

Annealing 

temperature 

(℃) 

 

Nickel sulfide phase Notation for electrodes 

06/12 185 NiS2 Mesoporous NiS2 
06/12 300 Mainly NiS + NiS2 Mesoporous NiS + NiS2 

06/12 400 NiS Mesoporous NiS 
06/06 300 Ni3S2 Mesoporous Ni3S2 

06/09 300 Mainly NiS + Ni7S6 Mesoporous NiS + Ni7S6 

 



 

49 

 Preparation of Mesoporous NiS2 on Ni Foam  

A similar procedure has been applied for the preparation of mesoporous NiS2 on Ni 

foam. Ni foam (99.99% purity, 346 g/m2 of surface density, and 1.6 mm of thickness) 

were purchased from MTI corporation. Before spin-coating, Ni foam pieces (1 cm × 1 

cm) were well-cleaned by ultra-sonication in absolute ethanol for 5 minutes. A few drops 

of the solution described for mesoporous NiS2 on the Ni foam (20 s at 1000 rpm). Then, 

the sample was placed into the paraffin oil at 185 °C for 2 hours. The heat-treated samples 

were dipped into deionized water for 3 times to wash the surfactants. 

4.3 Instrumentation 

A Zeiss Supra 50VP SEM with an accelerating voltage of 20 kV equipped with an 

energy dispersive spectrometer (EDX) was used to analyze the film morphology and 

composition of the samples on FTO after and before HER activity tests. Low- and high-

resolution TEM images and EDX elemental mapping were performed on a Jeol JEM 

2100F field emission electron microscope under 200 kV. X-ray photoelectron 

spectroscopy (XPS) measurements were conducted using a Thermo K-alpha spectrometer 

system with Al Kα radiation as the excitation source. Binding energies for the XPS 

spectra were calibrated by setting C 1s binding energy to 284.5 eV. BET surface area and 

BJH pore-size distribution of all synthesized materials were measured using a 

Micromeritics ASAP 2020 automated gas sorption analyzer. Ni and S contents in the 

electrolyte were determined using a Perkin Elmer Optima 8300 ICP-OES analyzer. 

Polarized optical microscopy (POM) images of the mesophases were recorded using a 

ZEISS Axio Scope A1 polarizing optical microscope. 

4.4 Electrochemical Measurements  

All electrochemical measurements were performed in a three-electrode setup using 

a GAMRY Reference 3000 and Biologic VSP 300 potentiostat/galvanostats. Pt wire was 

used as a counter electrode. The reference electrode was Ag/AgCl/KCl (sat.d), activity 

measurements were performed in 1 M KOH and 0.5 M H2SO4. The standard potential of 

a reference electrode was checked relative to another reference electrode that was never 

used in experiments and was always properly stored. The measured potentials vs. 

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

the Nernst equation: ERHE = EAg/AgCl + 0.059×pH + E°Ag/AgCl where ERHE is the converted 
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potential vs. RHE, E°Ag/AgCl = 0.198 V at 25 °C, and EAg/AgCl is the experimentally 

measured potential against Ag/AgCl reference electrode 

 

 Linear Sweep Voltammetry 

  A scan rate of 5 mV/s was used in the linear sweep voltammetry (LSV) 

measurements. All LSV plots were corrected with %100 iR compensation for ohmic 

losses. Current interrupt iR compensation mode in the software of GAMRY Reference 

3000 potentiostat/galvanostat was selected. LSV plots with and without iR compensation 

are shown in Figure 4.2 for clarity. Current Interrupt IR Compensation was used for %100 

iR compensation. In this technique, a current interrupt measurement is after each point, 

and a determination of the uncompensated resistance is made based on the drop in the 

voltage measurement. This technique is more reliable for any case in the instability of 

catalyst during electrochemical reactions due to instant changes in impedance. 

 

Figure 4.2 The first LSV run of the mesoporous NiS2 with and without iR compensation 

in 1 M KOH. 

 

 Chronoamperometry (CA) 
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Chronoamperometry (CA) tests were performed at a constant potential of -0.4 mV 

without iR compensation by using Pt counter electrode for long-term durability tests over 

HER in a glass electrochemical cell. The CA tested electrode investigated by using Pt 

counter electrode was digested to demonstrate the absence of Pt deposited on the working 

electrodes by ICP-OES, see Figure 4.3. 

 

Figure 4.3 (a) The ICP-OES spectrum of the sample CA tested by using Pt as counter 

electrode confirming the absence of Pt.(b) The CA tested electrode before (left) and 

after (right) acid digestion in 6 M HNO3. 

 

 

Figure 4.4 (a) CA runs under a static potential of -0.4 V vs. RHE in a plastic cell using 

graphite rod as a counter electrode. (b) The photo of the plastic cell. 

 

A CA test was also conducted in a plastic electrochemical cell with a graphite 

counter electrode (see Figure 4.4b) to confirm that silicates that could potentially dissolve 

in the presence of KOH electrolyte have no effect on the activity. As seen in Figure 4.4a, 
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the first and following CA runs show current density behavior identical to the ones 

presented in Figure 4.11, ruling out the contribution of elements dissolved from glass 

cells and Pt counter electrode to the presented results. Moreover, CA tested NiS2 coated 

on the FTO was digested in 6 M HNO3 in order to check plausible trace elements 

deposited during electrochemical tests by ICP-OES (see Figure 4.5). Sigma-Aldrich 

multi-element VIII calibration standard solution for ICP-OES was used to detect metal 

contents in the digested CA tested sample. Only Ni metal was detected. 

 

Figure 4.5 The concentrations of some trace metals that could be considered as 

electrochemically active impurities. They were obtained by ICP-OES measurements 

from the CA tested electrodes that were acid-digested. 
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 Double-layer Capacitance 

CV for the determination of double-layer capacitance was carried out from 0.18 to 0.30 

V vs. RHE in 1 M KOH solution where no obvious Faradic reaction took place. The cyclic 

voltammograms was taken by increasing scan rate from 50 mV/s to 250 mV/s with the 

interval of 50 mV/s. The capacitive current density was measured from the CVs at 

different scan rates, as shown in Fig 4.6a. The relation between current density, the scan 

rate and the double-layer capacitance (Cdl) was given in eq 4.1. 

The current density = The scan rate x Cdl    (4.1) 

Therefore, the slope of current density as a function of scan rate gives a straight line with 

the slope equal to Cdl.  For calculation of  double-layer capacitance,  the capacitive current 

densities at 0.24 V vs. RHE were used in the plots of  capacitive currents vs. scan rates, 

see Figure 4.6b. 

 

 

Figure 4.6 (a) An example of CV curves of electrode in a non-faradic region in 1.0 M 

KOH at the scan rates of 50, 100, 150, 200, and 250 mV/s. (b) Capacitive currents are 

plotted as a function of the scan rate. 

 

 Electrochemical Impedance Spectroscopy (EIS) 

The electrochemical impedance spectroscopy (EIS) measurements were carried 

out under a static potential of -0.4 V vs. RHE for the frequency regime between 0.1 Hz 

and 100 kHz. The electrolyte solution was purged with N2 for 30 min before each test. 
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 Faradaic Efficiency (FE) Calculations 

Product analysis and Faradaic efficiency (FE) calculations were performed via 

collecting gaseous species in the headspace of the sealed electrochemical cell by means 

of a Hiden HPR 20 mass spectrometer. The electrolyte solution was purged with N2 

extensively for 30 min before the measurements. A three-electrode setup was used. The 

gas collection was performed on-line by attaching the head of the capillary tube of the 

mass spectrometer to the electrochemical cell. FE was calculated using the formula given 

below: 

𝐹𝐸 =
𝑛𝐻2

𝑄

𝑒𝐹

  (4.2) 

In this formulation n is the number of moles of H2 produced, Q is the charge (C), e 

is the number of electron transfer (2 for HER), and F is the Faraday’s constant. Q was 

calculated by multiplying electrochemical current recorded by time. To determine n, H2 

pressure signal in the mass spectrometer was calibrated against H2/Ar gas mixture with 

known composition fed into the mass spectrometer. A calibration plot was obtained by 

adjusting the H2 amount in H2/Ar gas mixture and was used to quantify H2 produced in 

HER. 

4.5 Hydrogen Evolution Reaction (HER) Activity of Mesoporous Nickel Sulfide 

Thin Films in an Acidic Media 

We investigated the HER activities of mesoporous nickel sulfide thin films 

electrodes on FTO in an acidic electrolyte, 0.5 M H2SO4. Seven consecutive LSV scans 

were recorded for each electrode with different nickel sulfide composition, see Figure 

4.7. 
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Figure 4.7 Consecutive LSV plots for (a) mesoporous NiS2, (b) mesoporous NiS + 

NiS2, (c) mesoporous NiS and (d) mesoporous Ni3S2 on FTO in 0.5 M H2SO4. 

 

At the beginning of the first LSV scan set, a cathodic current is observed at the 

potentials spanned between 0 and 150 mV for mesoporous NiS2 on FTO. Mesoporous 

NiS2 shows the best HER activity, the follows mesoporous NiS+ NiS2, mesoporous Ni3S2 

and mesoporous NiS. In addition, we noticed that all phases of nickel sulfide electrodes 

in order of NiS2, NiS + NiS2, NiS and Ni3S2 is not stable under HER. The activity 

decreases after each LSV cycle. The most marked decrease in activity are for mesoporous 

NiS+ NiS2 and mesoporous NiS2. Therefore, we have initially conducted a visual analysis 

on those tested samples for the observed enormous decrease in activity, mesoporous NiS2 

and NiS+ NiS2.  Later, extended the comprehensive analysis with SEM with EDS in order 

to understand the changes in HER activity, see Figure 4.8. 
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Figure 4.8 (a) The photograph of mesoporous NiS2 and NiS + NiS2 on FTO after seven 

LSV. The left side of rectangular yellow area is dipped into electrolyte and right side is 

not dipped into electrolyte. (b) SEM image of rectangular are of mesoporous NiS 

+Ni3S2.  The EDS line analysis for sulfur Ka1 (c) and nickel Ka1 (d). High-resolution 

SEM image of as-prepared (e) and LSV tested sides (f) of mesoporous NiS + NiS2 thin 

film on FTO. 
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 In the photographic images of HER tested of mesoporous NiS2 and NiS +NiS2 on 

FTO, Figure 4.8a, rigorous dissolution in acidic environment dismantles the nickel 

sulfides from the FTO. Dipped into the electrolyte and HER tested side of mesoporous 

NiS2 electrode almost was vanished. The decrease in the contrast between HER tested 

and not sides of other electrode was detectable by the naked eye, justifying dissolution of 

nickel sulfide species. In the detailed SEM analysis with EDS on the interphase of HER 

tested and not tested sides of mesoporous NiS + NiS2, the intensities of nickel and sulfur 

decrease where the sample are tested, see Figure 48c-d. Remember that the surfactants 

are carbonized in this sample and form carboneous framework along with the film. When 

we compare the tested and non-tested part of the detailed high-resolution SEM images of 

mesoporous NiS and NiS2, around 200 nm voids were formed during HER and some 20-

25 nm features still remained, see Figure 4e-f.  

After seven consecutive LSV scan, HER activity of the sample almost 

disappeared. We can assume that those nickel sulfide species are covered by carbon, 

preventing leaching out. Due to blockage of contact with electrolyte by carbon, they are 

not active anymore. On the other hand, the pure washed mesoporous NiS2 electrode does 

not contain carbon because of low temperature annealing.  All NiS2 crystallites have 

accessible mesopores and high surface area therefore; exposure to acidic electrolyte 

consequently dissolves stoichiometrically in acid. Pure mesoporous NiS and Ni3S2 have 

larger crystallites, carbon framework and lower accessible surface due to higher annealing 

temperature as discussed in the previous chapter. This may be an explanation of higher 

durability and lower activity compared to other electrodes. To sum up, nickel sulfides are 

active on HER but not stable electrocatalyst in acidic environment contrary to many 

examples in the literature. The ideal electrocatalysts, like mesoporous NiS2, are not only 

significant for high activity, but also for straightforward understanding of stability. If they 

are not stable against corrosion in the electrolyte, they disappeared even in a short period 

of electrochemical reaction. Our results are also consistent with the dissolution of Co2P 

electrocatalyst under HER in acidic environment.133 
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4.6 Hydrogen Evolution Reaction (HER) Activity of Mesoporous Nickel Sulfide 

Thin Films in an Alkaline Media 

After we investigated the HER activities and stabilities of mesoporous nickel 

sulfide thin films electrodes on FTO in the acidic electrolyte, 0.5 M H2SO4,  we have 

decided to investigate HER activities of them in alkaline electrolyte,1 M KOH. 

 

Figure 4.9 Consecutive LSV plots for (a) mesoporous NiS2, (b) mesoporous NiS + 

NiS2, (c) mesoporous NiS,(d) mesoporous NiS and Ni7S6 and (e) mesoporous Ni3S2 on 

FTO in 0.5 M H2SO4. 
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Ten consecutive LSV scans were recorded for each electrode with different nickel 

sulfide composition, see Figure 4.9. The most active phase towards HER in alkaline 

environment again is belonging to the mesoporous NiS2 electrode. At the beginning of 

the first LSV scan set, a cathodic current is observed at the potentials spanned between 0 

and 150 mV for mesoporous NiS2 and mesoporous NiS+ NiS2 electrodes on FTO.  

However, it is observed that HER activity is dynamic; each LSV scan shows deviations 

for all phases of mesoporous nickel sulfide electrodes. On the contrary, their HER 

activities are increased with each LSV scan. If dissolution happens on the nickel sulfide 

phases, they must lose their HER activity. As discussed earlier, mesoporous NiS2 

electrodes are likely to be close to an ideal electrocatalyst; therefore we have decided to 

investigate its activity and stability towards HER in an alkaline environment in detail to 

reveal this unusual change. 

4.7 Mesoporous NiS2 as an Idealized Pre-electrocatalyst for Hydrogen Evolution 

Reaction 

We investigated the HER activities of mesoporous pyrite NiS2 thin-film electrodes 

in alkaline electrolytes. In addition to FTO, Ni foam was used as a substrate to increase 

the geometrical surface area and the mass loading of catalyst. The polarization curves of 

bare Ni foam, mesoporous NiS2 on Ni foam are compared with those of crystalline NiS2 

and commercial Pt/C on Ni foam in Figure 4.10a. The mesoporous NiS2 appears to exhibit 

rather high activity with lower onset potential for HER compared to other reported pure 

NiS2 electrocatalysts.[111], [112], [122], [139]–[142] However, it is observed that HER 

activity is dynamic, each LSV scan shows deviations for both mesoporous NiS2 on Ni 

foam and FTO, as seen in Figure 4.10b and c, respectively. After the first set of 

consecutive LSV scans, the electrodes were kept in the electrolyte for 3 minutes without 

any bias. Then, the second set of LSV scans were recorded, consecutively. At the 

beginning of the first LSV scan set, a cathodic current is observed at the potentials 

spanned between 0 and 150 mV for both mesoporous NiS2 on Ni foam and FTO. Note 

that H2 bubble formation was not observed despite a high current density recorded (~10 

mA/cm2). The initial LSV scan of the second set shows the best activity, however, the 

activity deteriorates after subsequent scans.  
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Figure 4.10 (a) LSV plots for bare Ni foam, mesoporous NiS2 and commercial %20 

Pt/C on Ni foam in 1 M KOH. (b) Consecutive LSV plots for mesoporous NiS2 on Ni 

foam in 1 M KOH. (c) Consecutive LSV plots for mesoporous NiS2 on FTO in 1 M 

KOH. (d) Four consecutive CA runs under a static potential of -0.4 V vs. RHE for the 

mesoporous NiS2 on FTO. Between each run, the electrode is rested for 3 min under 

open-circuit conditions. 

 

To understand the dynamic changes in HER activity, CA curves under a static 

potential of - 0.4 V vs. RHE were recorded (Figure 4.10d). We adapted the consecutive 

LSV analysis therefore mesoporous NiS2 on FTO was kept in the electrolyte for 3 min 

without applying any bias between each measurement. The CA behavior matches well 

with the dynamic activity changes observed in successive LSV scans. As in the initial 

LSV scans of the first set, a significant cathodic current is observed in the first CA run. 

The current density suddenly decreases and reaches a minimum at -3.6 mA/cm2 within a 

few minutes. Then, it shows a more gradual increase, reaches ~-6 mA/cm2 in 1500 s, and 

subsequently decreases in time. In the second CA run, the highest current density is 

reached initially, but it does not go through a minimum as in the first CA run. For each 

CA run after resting under unbiased conditions the same trend is observed (3rd and 4th CA 
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runs), similar behavior in the extended number of runs can be seen in Figure 4.11. These 

observations suggest that the dynamical CA behavior observed for the mesoporous phase 

is unique and critical for its HER activity. 

 

Figure 4.11 12 consecutive CA runs under a static potential of -0.4 V vs. RHE. 

 

To elucidate the dynamic behavior in HER, the morphological and compositional 

analysis was performed using SEM and EDX. Pink stars in Figure 4.10a shows four 

significant points in the first CA run selected to determine the Ni/S atomic ratios. Detailed 

SEM images and their EDX spectra are given in Figure 4.12a-d. As the negative bias is 

applied, the Ni/S atomic ratio of as-prepared mesoporous NiS2 changes from 1/2 to 1/1, 

manifesting a significant compositional change. Recent investigations show that NiS2 

undergoes a structural and compositional change during HER in alkaline conditions and 

the HER has been associated with the metallic Ni generated under reaction conditions 

rather than the surface of NiS2.[112] Initially, the disulfide (S2
2−) are electrochemically 

reduced to sulfide (S2−), generating the cathodic current (Figure 4.10c), and consequently 

sulfurous species are leached into the electrolyte,[128] which lead to amorphization of 

NiS2.  



 

62 

 

Figure 4.12 SEM and EDX analysis on mesoporous NiS2 on FTO after CA test under a 

static potential of -0.4 V vs. RHE. (a) t=0 s, (b) t=100 s, (c) t=1000 s, and (d) t= 2500 s. 

 

The HR-TEM images presented in Figure 4.13a demonstrate amorphization, the 

lattice fringes clearly visible in as-prepared NiS2 completely disappear. HAADF images 

taken from the electrodes CA tested for 100 s (Figure 4.13c) show that the mesoporosity 

still exists even after electrochemical reduction. When the HER activity gets enhanced, 

the Ni/S atomic ratio become 2/1. This suggests that leaching of the sulfurous species into 

the electrolyte continues over time in CA runs. Later, Ni/S atomic ratio remains 

unchanged, and yet the HER activity slightly decreases. HAADF image shown in Figure 

4.13d evidences the modification of the mesoporous structure within 1000 s of the CA 

run, which is further confirmed by the detailed HRTEM investigations on the structural 

changes (Figure 4.13b).  
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Figure 4.13 . HR-TEM images of the mesoporous NiS2 after CA at -0.4 V vs. RHE. (a) 

t=100 s and (b) t=1000 s. HAADF TEM images of electrodes. (c)  t=100 s and (d) 

t=1000 s. 

 

The Ni and S concentrations in the electrolyte analyzed by ICP-OES at the 

selected regions of CA test demonstrate that Ni leaching is negligible whereas S 

concentration increases over time (Figure 4.14). Ni, S, and O atomic fractions determined 

by TEM/EDX analysis shown in Figure 4.15 confirm Ni enrichment in the course of CA, 

also consistent with the SEM/EDX findings. Only a small region in the HAADF-TEM 

image show higher S content with mesoporosity. 
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Figure 4.14 ICP-OES analysis on the concentration of nickel and sulfur in the 

electrolyte during CA at -0.4 V vs. RHE. 

 

 

Figure 4.15  (a) HAADF image of the mesoporous NiS2 on FTO after CA test at -0.4 V 

vs. RHE for 2500 seconds (b) EDX spectrum of a selected region (008). (c) Nickel, 

sulfur, and oxygen atomic ratios for the selected regions. 
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ECSAs of the electrodes are typically proportional to the electric double-layer 

capacitance (Cdl), which can be derived from the CV curves in a non-faradaic region. 

Therefore, we also track the changes in the Cdl of mesoporous NiS2 in the course of 

cathodic reduction in CA runs. As seen in Figures 4.16a-f, the Cdl of the mesoporous NiS2 

decreases from 15.34 mF/cm2 to 3.63 mF/cm2 after 100 s.  

 

Figure 4.16 CV curves of the mesoporous NiS2 on FTO electrode in a non-faradic 

region in 1.0 M KOH at the scan rates of 50, 100, 150, 200, and 250 mV/s. Capacitive 

currents are plotted as a function of the scan rate 

 

Also, electrochemical impedance spectroscopy (EIS) was conducted to explore 

the charge transfer kinetics of the electrocatalysts during CA runs. The Nyquist plots 
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shown in Figure 4.17a indicate that charge-transfer resistance (Rct) of the mesoporous 

NiS2 decreases during HER. The Rct is the highest for as-prepared mesoporous NiS2, the 

application of cathodic potential leads to a drop in Rct value and a minimum is achieved 

after 1000 sec. This behavior is consistent with the change in the current densities during 

the first CA run. In the second CA run, the lowest Rct is achieved after resting under 

unbiased conditions and it gradually increases with time (Figure 4.17b). 

 

Figure 4.17 Nyquist plots of the mesoporous NiS2 on FTO electrode for (a) first and (b) 

second CA runs in 1.0 M KOH. The measurements were carried out under a static 

potential of -0.4 V vs. RHE for the frequencies between 0.1 Hz and 100 kHz. 

Semicircles in Nyquist plots are distorted because of the dynamical changes on the 

electrocatalysts. 

 

It is plausible that the leaching of sulfurous species and amorphization reduce the 

ECSA and increases the conductivity of the electrode. Prolonged cathodic bias brings Cdl 

to very low levels, 1.75 mF/cm2. This value was expected due to the transition to the film 

from the mesoporous structure. During the first CA run, current density values normalized 

by ECSA (Figure 4.18) exhibit that the real HER activity is enhanced under cathodic bias, 
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which can be explained by the increase in the conductivity of the electrodes. BET surface 

area, pore size distribution, onset potentials, and ECSA of the electrodes subjected to the 

CA tests are summarized in Table 4.2.  

 

Figure 4.18 The ECSA normalized current density increase during the first CA run 

presented in Figure 4.10d. 

 

Table 4.2 Comparison of reported pure NiS2 for HER in 1.0 M KOH electrolyte 

Morphology 
Synthesis 

method 

Surface 

area 

(g/cm
2

) 

Thickness 

(nm) 

Overpotential 
 

(mV) 

ECSA 

(mF/cm
2

) 

Catalyst 

Amount 

(mg/cm
2

) 

Reference 

Hallow sphere 

Powder 

Hydrothermal 20.8 200 174 (at 10 

mA/cm
2

) 

6.18 0.7 [141] 

Nanosheet 

array on Ti 

mesh 

Hydrothermal N/A 100 320 (at 200 

mA/cm
2

) 

N/A 1.2 [140] 

Hallow sphere 

powder 

Hydrothermal 15,4 100 219 (at 10 

mA/cm
2

) 

N/A 0.5 [112] 

Nanosheet on 

Ni foam 

Hydrothermal N/A 10 67 and 122 (at 

10 mA/cm
2

) 

239.5 and 

566.5 

0.5 [143] 

Mesoporous 

film 

Soft Template 69 2-3 250 (at 10 

mA/cm
2

) 

1.75 N/A This study 
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Despite electrochemical leaching of sulfur and surface reduction, the Faradaic 

efficiency of HER is close to unity. As shown in Figure 4.19, the amount of hydrogen 

evolving gradually increases as the potential is raised in the cathodic direction. Faradaic 

efficiency was calculated to be 0.96 at -0.4 V vs. RHE, suggesting that the observed 

electrochemical currents are related to HER rather than surface reduction, corrosion, or 

other non-Faradaic events. 

 

 

Figure 4.19 H2 evolution is monitored by a mass spectrometer. CA runs at various 

potentials (-0.4, -0.5, -0.6 V vs. RHE) were sequentially performed, the duration of each 

CA run was 5 min. Due to the capillary tube used to collect gases from the headspace of 

the electrochemical cell, approximately 1 min delay was observed in the detection of the 

masses. This delay was compensated by shifting the mass spectrometer signal and 

matching them with the changes in the current jumps. 
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The results of the XPS analysis of as-prepared mesoporous NiS2 and NiS2 in the 

course of the first CA run are shown in Figures 4.20a-c. For the Ni 2p region (Figure 

4.20a), the spectrum exhibits two major peaks at 854.8 and 872.0 eV assigned to Ni 2p3/2 

and Ni 2p1/2, respectively. For Ni 2p3/2 (Ni 2p1/2), a high binding energy shoulder at 857 

(874) eV and a broad satellite feature at ~861 (880) eV are also seen. The binding energy 

positions of the main peaks and satellite features as well as their intensities are rather 

sensitive to the structure and the composition of late TM compounds. They appear due to 

the different final states of photo-ionized Ni 2p orbitals and ligand atoms (O, S, P, etc.) 

coordinated to them which have a strong influence in the screening of the core hole.[144] 

2p XPS spectra of Ni sulfides are distinguishable from those of oxides and hydroxides 

because of both their metallic nature and little effect of S 3p orbitals on the final 

state.[145] After the application of the cathodic bias, Ni 2p peaks slightly shift to the 

lower binding energies with no major change in the intensities of high binding energy and 

satellite features. In the S 2p spectra in Figure 4.20b, it is possible to identify different 

surface species, the peaks at 167.5/168.7 eV are assigned to S 2p3/2/2p1/2 doublets of the 

sulfite (SO3
2−) species caused by surface oxidation in ambient air. The doublet peaks at 

161.3/162.5 eV are ascribed to the S2
2− while the major doublets at 163.8/165.0 eV were 

attributed to S2− neighboring oxidized S species.[139] After applying cathodic bias, the 

intensity of S2
2− species significantly decreases while those of the S2− ions remain largely 

unchanged. It is clear that S2
2− species are prone to electrochemical leaching. In 100 s, a 

fraction of SO3
2− groups is also lost, but longer cathodic treatments result in low binding 

energy shift in all spectra suggesting a mild reduction. Another doublet attributed to 

sulfate (SO4
2−) species also appears at 169.0/170.1 eV. It can be expected that 

undercoordinated Ni atoms become available upon reductive dissolution of the S2
2− 

species, which then could be terminated by hydroxyl (-OH) groups readily available in 

KOH electrolyte at unbiased conditions. The O 1s component at 530.8 eV assigned to –

OH groups (Figure 4.20c) gains intensity at the initial stages of the CA run. All the 

reductive surface changes demonstrated by XPS coincide with the HER onset shifting to 

lower overpotentials. Similar behavior has been observed on amorphous Co-Ni sulfides 

during HER.[131] An overall assessment of XPS findings reveals that NiS2 is only a pre-

electrocatalyst for HER in alkaline media.[146] Dissimilarity in the final surface 

compositions of crystalline and mesoporous NiS2 after the cathodic dissolution of 

sulfurous species can be explained by the difference in the leaching mechanisms. The 
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collapse of the mesoporous structure inhibits facile leaching of sulfurous species while 

the process continues for nonporous larger NiS2 crystallites without any termination. 

 

 

Figure 4.20 (d) Ni 2p, (e) S 2p, and (f) O 1s XPS spectra of the as-prepared and CA 

tested NiS2 on FTO. The deconvolution of the spectra was performed by using the 

Doniac-Sunjic line profile. A Shirley type of background was used in all spectra. The S 

2p spectra were deconvoluted using a doublet with a splitting of 1.2 eV and a 2:1 

2p3/2:2p1/2 area ratio. 

 

Resting mesoporous NiS2 electrodes in the electrolyte after the first CA run 

improves the activity in terms of the reduction reaction onset but both mesoporous and 

crystalline NiS2 eventually deactivate. The standard reduction potential of Ni(OH)2 in 

alkaline media (pH 14) resides on the reduction potential of water regarding the Paurbaix 

diagram of the Ni-H2O system (Figure 4.21). The surface of the Ni foam can reversibly 

be hydroxylated and reduced back to Ni electrochemically, giving the same HER activity 

consequently (see Figure 4.22). For Ni sulfides, the activity depends on the abundance of 

undercoordinated Ni sites and surface –OH groups, which can simply be recovered by 
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turning off the bias in the electrolyte. We show that the activity induced by the surface –

OH groups is temporary for the mesoporous NiS2 electrode . However, the crystalline 

NiS2 shows the enhancement of HER activity at the end of the second CA run. Dynamic 

HER activities of NiS2 electrodes are correlated with the equilibrium between the number 

of undercoordinated Ni sites and hydroxylated Ni species. It can be speculated that initial 

H2O adsorption is facilitated in the presence of the -OH groups due to more effective 

hydrogen bonding. Besides, the existence of S in the amorphous Ni structure is required 

for higher HER activity. The mesoporous structure with very small crystallites and 

narrow pores is ideal to maintain the S in the electrode structure. For further 

understanding of the role of S in HER kinetics, operando X-ray spectroscopy analysis and 

detailed DFT studies are required. 

 

 

Figure 4.21 The Pourbaix diagram of the Ni-H2O system [147]. Adapted with 

permission from (J. PHYS. CHEM. C 2017, 121 (18), 9782–9789). Copyright (2017) 

American Chemical Society. 
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Figure 4.22 The consecutive LSV plots for Ni Foam in 1 M KOH. Between two sets, 

Ni Foam waited in 3 minutes without applying negative bias. 

 

 

In summary, we show that the mesoporous, high surface area thin-film NiS2 

electrocatalyst with small pore walls and narrow pore size distribution is ideal to reveal 

the dependence of the activities on the robustness of the structural phase and surface 

composition. NiS2 surface is very dynamic during HER in alkaline media, amorphization 

along with sulfurous ions leaching out changes the HER activities. Partially hydroxylated, 

undercoordinated Ni sites formed upon sulfurous ions leaching provide the most active 

surface for HER. The presence of S on the surface is critical for the stimulation of HER 

activity. 

4.8 General Overview on Mesoporous Nickel Sulfides for Hydrogen Evolution 

Reaction in Both Alkaline and Acidic Media 

 

Developing active, durable, and inexpensive electrocatalyst is critical for hydrogen 

production to meet ever-growing sustainable energy needs. Nickel sulfides offer 

significant potential as electrocatalysts for hydrogen evolution reaction (HER), however, 

the active phase governing the electrochemical conversion is still under debate.  
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We show that mesoporous thin-film NiS2 synthesized by a novel soft-templating 

method without post-sulfurization exhibit superior HER activity in alkaline media after a 

preconditioning step that results in sulfur leaching, amorphization of the surface and 

collapse of the mesoporous structure. A comparative analysis with crystalline NiS2 

reported in the literature reveals that partial hydroxylation of the under-coordinated Ni 

sites is responsible for the superior HER activity rather than metallic nickel. Such 

transformations are summarized and schematically represented in the Figure 4.23.   On 

the other hand, the nickel sulfides are active for HER but not durable in acidic media and 

they do not undergo any transformation and just dissolves in the electrolyte.  

 

 

Figure 4.23 A summary of preconditioning steps of nickel sulfides during HER in 

alkaline media.   
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5 MESOPOROUS THIN-FILMS FOR AN OXYGEN EVOLUTION 

REACTION  

5.1 Introduction 

Developing the abundant and cheap electrocatalysts for both HER and OER that 

minimize overpotential and Tafel slope is a challenge standing over against the efficient 

electrolyzers. MoS2 type-based electrocatalysts can compete with platinum group 

materials (PGM) electrocatalyst for HER [90]. The kinetics of OER is the bottleneck for 

the water splitting due to the slow four-electron transfer process [148], [149]. Ir-and Ru-

based electrocatalysts are represented as a benchmark of OER electrocatalyst in terms of 

performance and durability in both alkaline and acidic electrolyte, however, their large-

scale application is limited due to their high cost and low-abundance [150]–[153]. 

Therefore, there has been comprehensive research on exploring alternative earth-

abundant catalysts with outstanding performance and long-term durability. The transition 

metals (Fe, Ni, Co and etc.) based phosphides [154]–[156], oxides [65], [157]–[159], 

oxyhydroxides [160]–[162], perovskites [163], [164], nitrides [165], [166] and sulfides 

[165], [167] have been extensively reported to be possible candidates for apprehending 

preferred activity and durability in alkaline media. 

Recent studies have been focusing on the mixed transition metal-based oxide 

electrocatalysts such as (CoFe, NiFe MnNi, or FeCoNi) and layered double hydroxides 

(LDH) due to better performance and stability rather than pure forms [168]–[171]. 

Among them, NiFe oxide electrocatalysts have been come into prominence owing to 

superior long-standing activity [172]. An enhanced OER activity obtained by 

incorporating Fe at even very low concentrations into nickel oxide had been demonstrated 

by Corrigan for the first time [173]. The Fe impurities in KOH used in the preparation 

also enhanced Ni-based OER electrocatalyst [174]–[176]. Identifying the real role of Fe 

in the NiFe-based electrocatalyst has not yet been fully understood due to complicated 

kinetics and limitations of existing characterization methods [149], [158]. 

Most NiFe-based electrocatalysts undergo structural and compositional self-

reconstruction under applied anodic potential; usually result in a dynamic activity in OER 

[177]. The surface of the electrocatalyst is very prone to these dynamic structural and 

compositional changes rather than of the bulk state. The surface and bulk structure of as-

prepared and electrochemically tested catalysts should be fully unveiled in order to reveal 
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the structure-activity relation [174], [175], [177]. Therefore, a high surface area catalyst 

with uniform morphology is very critical in defining the exact structure and compositions 

for as-prepared and tested electrocatalysts [46]. Because of the structural and 

compositional changes that occurred at the electrode-electrolyte interface, the mass 

transfer of gas and electrolyte should be homogenous during OER in order to monitor the 

effect of dynamic structural and compositional changes [178]–[180]. To illustrate, NiFe-

based nanocatalysts in carbon layers protect against degradation under continuous OER 

operating conditions [181]. 

Bell and co-workers reported that Fe doping NiOOH improves OER activity and 

Fe3+ species on the surface are active sites for OER through monitoring operando X-ray 

absorption spectroscopy and proving DFT calculations. Fe3+ sites provided optimum 

adsorption sites for OER intermediates [170]. On the contrary, Stahl and co-workers 

extended research by monitoring NiFe LDH using operando Mössbauer spectroscopy 

[182]. The OER takes place near the Fe4+ species generated at the edge, corner, and defect 

sites within NiFe LDH. Li and Selloni reported that Fe incorporation into the NiOOH 

lattice enhances the internal electronic conductivity in the film, where Ni species are 

activated by partial-charge transfer induced by Fe [183]. Furthermore, enhanced OER 

activity comes from the formation of Ni4+ induced by Fe3+. As seen in many studies, the 

structure-activity relation for NiFe-based electrocatalysts differs by DFT studies and used 

operando techniques. Those inconsistent efforts to reveal the underlying mechanism of 

the structure-activity relation are most probably due to the dynamic changes in the 

structure and composition of the surface or dissolution/redeposition of active species 

during OER. 

The next-generation water alkaline electrolyzer system has been shifted to alkaline 

exchange membrane electrolysis technology [184]. The electrocatalysts were generally 

immobilized on the membrane with ionomers, however, the ionomers in alkaline 

conditions under anodic potential suffer from the stability [185]. Ionomers can affect the 

performance and durability of OER electrocatalysts adversely by changing mass diffusion 

behavior and blocking the surface of electrocatalysts [186]. Constructing self-supported 

electrocatalysts with uniform morphology and structure is of importance for scaling up 

cheap and efficient electrolyzer technology. 



 

76 

NiFe-based electrocatalysts with several structures, various morphologies, 

adjustable stoichiometries, modified electronic structures, abundant active sites, and long-

range order can be synthesized in many synthesis protocols [152], [157], [159], [169], 

[175], [187]–[190]. Mesoporous metal oxide thin film electrodes can satisfy many 

requirements for the next generation electrolyzer technology and the understanding of 

triangle among the structure-stability-activity relations. In addition, creating more surface 

area with interconnecting conductive networks increases the number of active sites and 

improves charge transfer kinetics and reagent/product diffusion as their mesoporous 

analogues [46], [64]–[66], [79], [190], [191]. The stable lyotropic liquid mesophase with 

two surfactants and various transition metal nitrate have been converted to mesoporous 

MnCo2O4, NiCo2O4 LiMn2O4, ZnCo2O4, and NiO thin films for many applications [64], 

[65]. Herein, our study was firstly focused on the OER performance of mesoporous NiS2 

thin films and then the development of mesoporous NiFe oxides thin films and their 

activities and stabilities toward OER. Mesoporous NiS2 thin films undergo rapid and 

severe structural transformations during OER, formation of nickel oxide/hydroxide 

structure, resulting in the collapse of the mesoporous structure. We applied a similar 

approach to the liquid crystal templating method to produce mesoporous more durable 

iron-nickel oxide thin film electrodes. The mesoporous NiFeOx, NiFe2O4, and Fe2O3 thin 

films electrodes having tunable compositions and a high surface area were successfully 

synthesized and comprehensively characterized. OER activities and stabilities of the 

electrodes were compared by numerous electrochemical tests in both Fe-free and non-

purified electrolytes. The best OER performance shows mesoporous NiFeOx, NiFe2O4, 

NiO, and Fe2O3, respectively. Uniform and highly porous nano-sized metal oxide 

framework allowed the understanding of the OER mechanism of NiFe based 

electrocatalysts in which insertion of an infinitesimal number of Fe atoms in NiO lattice 

boosts the OER activity of Ni sites by altering its electronic structure. 

5.2 Experimental Section 

 Preparation of Mesoporous NiS2 Electrodes on FTO 

The preparation of mesoporous NiS2 electrode on FTO was prepared by following 

the protocol described in Chapter 4. 
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 Preparation of Solutions of Nickel and Iron Precursors and Surfactants for 

Mesoporous NiFe Oxide Thin Films 

In a typical solution preparation, CTAB, C12EO10, nickel nitrate hexahydrate, and 

iron nitrate nonahydrate are mixed in a 25 ml vial with deionized water. The solution is 

stirred for one day in order to make sure that it is homogenous and clear. 

The amount of each ingredient for the preparation of all solutions is tabulated in 

Table 5.1. Deionized water was kept constant in all solutions, 5 g. As CTAB/ C12EO10 

mole ratio was kept being 1.0 and total transition metal (iron and nickel nitrate)/CTAB 

mole ratio was kept to be 9.0 for all solutions, nickel/iron salt mole ratios were altered. 

The nickel to iron salt mole ratios were used for labeling the solution.  

Table 5.1 The amounts of CTAB, C12EO10, Ni(NO3)2.6H2O, Fe(NO3)2.9H2O and 

deionized H2O for each solution 

Notation of 

solutions 

Mole ratios 

(Ni/Fe salt) 

Ni(NO3)2.6 

H2O 

(g) 

 

Fe(NO3)3 

.9H2O 

 (g) 

CTAB 

(g) 

C12EO10 

(g) 

Deionized 

H2O 

(g) 

Ni9.0/Fe0.0 2.087 0.000 0.291 0.500 5.0 

Ni8.9/Fe0.1 2.064 0.032 0.291 0.500 5.0 

Ni8.0/Fe1.0 1.856 0.546 0.291 0.500 5.0 

Ni7.0/Fe2.0 1.624 0.644 0.291 0.500 5.0 

Ni6.0/Fe3.0 1.392 0.967 0.291 0.500 5.0 

Ni4.5/Fe4.5 1.044 1.450 0.291 0.500 5.0 

Ni3.0/Fe6.0 0.696 1.933 0.291 0.500 5.0 

Ni0.0/Fe9.0 0.000 2.900 0.291 0.500 5.0 

 

 

 Preparation of Lyotropic Liquid Crystalline (LLC) Mesophase for 

Mesoporous NiFe Oxide Thin Films 

The mesophases were prepared by spin coating of solutions their ingredients are 

given in table 5.1 for thin LLC films. Spin coating was applied to prepare LLC and further 

mesoporous NiFe oxide thin films. An adequate amount of the solution was placed on the 

FTO or glass lamels and it was spun for 20 s at 1000 rpm by a spin coater. To obtain 

thicker mesophase, drop-cast coating on the microscopic slides was also applied. Drop-

casting was applied by placing solution and aged for evaporation of deionized water. The 

spin-coated samples were used for XRD analysis. The samples prepared by drop-casting 
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were collected from the glass slides for the FTIR and POM analysis. Schematic 

illustrations of both drop-casting and spin coating methods are indicated in Figure 5.1. 

 

Figure 5.1 Schematic illustration of spin coating and drop-casting casting methods. 

 

 Synthesis of Mesoporous NiFe Oxides 

Mesoporous NiFe oxide thin films were prepared via calcination of LLC prepared 

by spin coating or drop-casting coating. The calcination procedure was carried out 

starting from room temperature up to 300 oC with a ramp of 2 oC/min and keeping at 300 

oC for 2 hours. The samples were annotated as mesoporous Nix/Fey, where x and y are the 

mole ratios of nickel nitrate and iron nitrate to CTAB, respectively. The films prepared 

by drop-casting were scrapped from the glass slides by using a razor for the XRD, FTIR, 

and BET analysis. The films prepared by spin-coating were scrapped from the glass slides 

by using a razor for the SEM/EDX, TEM, and XPS analysis. The Schematic illustration 

is depicted in Figure 5.2. 

 

Figure 5.2 Schematic illustration of synthesis of mesoporous NiFe oxide thin films 

 Preparation of Mesoporous NiFe Oxide Electrodes on FTO 
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The spin coating protocol described above was applied for the preparation of 

mesoporous NiFe oxide electrodes on FTO. Before spin coating, FTO (1 cm × 2 cm) 

substrates were cleaned by ultra-sonication in absolute ethanol. A scotch tape was used 

to make an area of 1 cm2 on FTO for spin-coating. A few drops of the solution described 

above were placed on the FTO and it was spun for 30 s at 1000 rpm by a spin coater. 

LSV, CV, and CA measurements and the analysis of Raman spectroscopy were conducted 

by using electrodes. Schematic illustration of the preparation of electrodes and the 

photograph of prepared samples on FTO with different compositions are presented in 

Figure. 5.3. 

 

Figure 5.3 Schematic illustration of the preparation of mesoporous NiFe oxide 

electrodes on FTO substrates (upper part). The photograph of mesoporous NiFe oxide 

on FTO electrodes with various Ni/Fe compositions (lower part). 

 

5.3 Instrumentation 

The instrumentation that used in this chapter was described in the previous chapters. 

5.4 Electrochemical Measurements  

The electrochemical measurements conducted in this chapter are described in Chapter 4. 



 

80 

5.5 Liquid Mesophase of Nickel Nitrate-Iron Nitrate System with Two Surfactants 

Pure or mixed nickel nitrate and iron nitrate salt with two surfactants form LLC 

mesophase after spin coating. Salt species fill among the surfactant domain aggregated 

upon evaporation of water. The LLC mesophases of various nickel nitrate salt/iron nitrate 

mole ratios were investigated by a small angle XRD measurement and POM, see Figure 

5.4. 

 

Figure 5.4 (a) Small-angle XRD patterns and (b) POM images of various Ni/Fe salt 

mole ratio mesophase 

 

 All samples prepared by spin coating present the diffraction lines at between 1o 

and 2o, indicating the formation of ordered LLC mesophase. The thick gels prepared by 
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drop-casting show the fan texture under a polarized optical microscope (POM), typical 

characteristics of an ordered 2D-hexagonal LLC mesophase. The addition of iron nitrate 

salt into nickel nitrate LLC mesophase at low quantities increases the distance between 

surfactant domains. The distance between surfactant domains decreases with decreasing 

Ni/Fe mole ratio. The pure iron nitrate LLC mesophase displays the shortest distance 

between surfactant domains among various Ni/Fe salt mole ratios LLC mesophase. In the 

POM images of the samples, the dark brown spots showing no textured features are 

detected after the Ni/Fe mole ratio becomes 4.5/4.5. Some iron nitrate salt species may 

leach out from the LLC mesophase. This causes the differentiation of Ni(II) and Fe(III) 

cations mole ratio in the confined space between surfactant domains with starting 

compositions. 

5.6 Characterization of Mesoporous NiFe Oxide  

The calcination of LLCs mesophase of nickel and iron nitrate salt is applied in order 

to obtain mesoporous pure and mixed NiFe oxide samples. Calcined samples are 

characterized by comprehensive analysis tools such as XRD, FTIR, N2 sorption analysis, 

SEM/EDX, TEM, and STEM. 

 

Figure 5.5 XRD patterns of the calcined samples of various Ni/Fe salt mole ratio 

mesophases 
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Figure 5.6 Raman spectrum of the calcined samples of various Ni/Fe salt mole ratio 

mesophases 

 

Figure 5.5 shows the XRD patterns of calcined samples of various Ni/Fe salt mole 

ratio mesophases. As calcined pure nickel nitrate salt mesophase sample has cubic NiO, 

calcined pure iron-nickel salt mesophase has α-Fe2O3 structure. The crystallite size of the 

calcined pure nickel sample is calculated by the Scherrer equation, found to be around 

3.7 nm. The diffraction lines get broader with decreasing Ni/Fe salt mole ratio, indicating 

smaller crystallite size or amorphous Fe2O3. The calcined pure iron-nickel mesophase 

displays sharper diffraction lines belonging to Fe2O3 and very broad diffraction lines 

around them. This represents that the sample contains both nanocrystalline and relatively 

bulk Fe2O3 crystallites. The leached iron nitrate salt species may result in the formation 

of bulk Fe2O3 crystals since they are not confined among surfactant domains during 

calcination. We note that the crystallization at the same temperature, 300 oC, does not 

process for both NiO and Fe2O3. We found that the insertion of Fe (III) into NiO lattice 

hinders crystallization. Moreover, until the Fe/Ni atomic ratio becomes 6.0/3.0, the 

intensity ratio of diffraction lines belonging to lattice planes of (111) and (200) are the 

same. We can say that the dominant phase seems cubic NiO and Fe(III) cations are 

substituted with Ni(II) in the lattice. Raman analysis is a powerful technique to detect 

smaller crystalline nanoparticles (<4 nm) or amorphous phases that cannot be determined 
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by XRD. Raman analysis was conducted to figure out the oxide phases present in critical 

synthesized mesoporous samples, Figure 5.6. The intensity of the main peak of NiO at 

1100 cm-1 is decreased with iron content in the oxide phase. When the sample content 

becomes Ni6.0/Fe3.0, three new peaks are appeared at 320, 467, and 688 cm-1 , belonging 

to spinel structured NiFe2O4. At Ni3.0/Fe6.0, the NiO peak at 1100 cm-1 has low intensity 

compared to other peaks. The sample of pure Fe directly matches with α-Fe2O3. In 

conclusion, Up to Ni/Fe ratio, 7/2, iron atom are mixed in the rock salt type NiO, and then 

the formation of spinel NiFe2O4 structures starts at higher iron contents until the main 

oxide phase become spinel mixed oxide structure at Ni3.0/Fe6.0. TEM/STEM 

experiments were performed to examine the more detailed structural and morphological 

analysis in selected samples at the nanoscale, Figure 5.7. Pure and mixed samples show 

a sponge-like mesoporous framework as seen in STEM images. High-resolution TEM 

images and selected area electron diffraction patterns (SAED) of Ni9.0/Fe0.0 and 

Ni8.9/Fe0.1 samples are consistent with XRD and Raman analysis. Iron atoms substitute 

with nickel atoms in cubic NiO crystalline structure with particle sizes around 5-10 nm. 

At Ni6.0/Fe3.0 sample, electron diffraction pattern differs from other mixed oxide phases 

with the circle indexed as (111) lattice plane of spinel NiFe2O4 with a yellow arrow as 

detected in Raman analysis. The pure iron sample displays an α-Fe2O3 nanocrystalline 

structure, having a particle size smaller than 5 nm. 
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Figure 5.7 STEM (a-d), high resolution TEM (e-h) and selected area electron 

diffraction pattern (SAED) (i-l) of calcined samples of Ni9.0/Fe0.0, Ni8.9/Fe0.1, 

Ni60/Fe3.0 and Ni0.0/Fe9.0, respectively 



 

85 

 

Figure 5.8 (a) N2 sorption isotherms and (b) pore size distributions of calcined 

Ni0.0/Fe9.0, Ni4.5/Fe4.5, and Ni9.0/Fe0.0 samples 

 

Figure 5.8 shows N2 sorption isotherms and pore size distributions of selected 

samples; mesoporous Ni0.0/Fe9.0, Ni4.5/Fe4.5, and Ni9.0/Fe0.0. All N2 sorption 

isotherms display type IV hysteresis, which is characteristic of mesoporous materials. 

Mesoporous pure nickel and iron oxide samples have similar BET surface areas, 157 and 

146 m2/g, respectively. Mesoporous mixed NiFe oxide interestingly has a higher surface 
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than pure phases, 238 m2/g. Pore size distribution of mesoporous nickel oxide, iron oxide, 

and mixed NiFe oxide are sharply centered at around 3.8 nm. For mesoporous nickel 

oxide and mixed NiFe oxide, second broader pore size distribution is observed. The 

calcination process of mesophases at 300 °C provides clearing out the surfactant domains 

by burning, leading to the formation of mesopores and decomposition transition metal 

nitrate salt. All other parameters of N2 sorption analysis of selected samples are tabulated 

in Table 5.2. The FT-IR spectrum of all mesophases and calcined samples, seen in Figure 

5.9, confirms the burning out of all surfactants and nitrates by disappearing the peaks at 

around 1100 and 2800 cm-1 due to surfactants and nitrates. However, surfaces of nano-

sized metal oxides particles are contaminated by carboxyl groups during calcination. The 

further crystallization of amorphous phases creates broader pore size distribution because 

of the rearrangement of decomposed metal oxide species. The low crystallization 

tendency of iron oxide compared to nickel oxide inhibits the enlarging pore media. The 

crystallite size calculated XRD data by the Scherrer equation is consistent with this 

observation. The leaching of iron salt species resulting in the formation of bulk oxide 

most probably decreases the overall surface area while it does not affect the pore size 

distribution. 

 Table 5.2 All parameters of N2 sorption analysis of selected samples 

Mole ratios 

(Ni/Fe ) 

BET Surface Area 

m2/g 

Pore Volume 

cm3/g 

Average Pore Size 

nm 

Ni9.0/Fe0.0 157 0.157 4.49 

Ni8.9/Fe0.1 185 0.200 4.07 

Ni6.0/Fe3.0 220 0,314 5.05 

Ni4.5/Fe4.5 238 0.270 4.69 

Ni0.0/Fe9.0 146 0.133 3.68 
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Figure 5.9 (a) FT-IR spectrum of as-prepared mesophase and (b) calcined samples at 

300 °C 
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Figure 5.10 SEM images of mesoporous (a and b) Ni0.0/Fe9.0, (c and d) Ni3.0/Fe6.0 (e 

and f) Ni4.5/Fe4.5, (g and h) Ni6.0/Fe3.0 and (i and j) Ni9.0/Fe0.0 

 



 

89 

In the SEM images of scrapped samples from glass slides, see Figure 5.8, the 

mesoporous structures are clearly observed. The N2 sorption analysis is consistent with 

SEM analysis, decreasing Ni content in the samples provides a broader porous 

framework. However, the instability of mesophase at higher Fe content samples caused 

by leaching iron salt out from mesophase results in nonporous regions after calcination, 

as seen in Figure 5.10c-d. For the mesoporous Ni.4.5/Fe4.5, some circular islands having 

different pore size distributions are formed. We further investigated the elemental 

compositions of all calcined samples by using EDS, which is tabulated in Table 5.3 to 

understand the distribution of oxide phases at the macroscale. The instability of 

mesophases slightly alters the uniform distributions of mixed oxides. Starting 

compositions of ingredients outcomes nearly the same compositions of iron and nickel 

atoms after calcination of mesophases. 

Table 5.3 The elemental compositions of calcined samples from SEM/EDS 

5.7 Mesoporous NiS2 Thin films for Oxygen Evolution Reaction in Alkaline 

Media. 

OER activity of mesoporous NiS2 on FTO electrode in an alkaline media, 1 M 

KOH, was investigated by CV, see Figure 5.9a. Notice that mesoporous NiS2 electrodes 

in an alkaline media show a dynamic HER activity and act as a pre-catalyst that 

transformed into sulfur deficient amorphous nickel sulfide by sulfur ions leaching. 

Mesoporous NiS2 electrodes having high surface area, very small nano-crystalline 

structure, and narrow pose size distribution is an ideal platform to underly the structure-

activity relation for OER as well understood in the HER. 

Mole ratios 

(Ni/Fe ) 

Atomic Ni 

% 

Atomic Fe 

% 

Ni9.0/Fe0.0 50.00 0.00 

Ni8.9/Fe0.1 47.86 2.14 

Ni8.0/Fe1.0 44.87 5.13 

Ni7.0/Fe2.0 37.61 12.39 

Ni6.0/Fe3.0 34.13 15.87 

Ni4.5/Fe4.5 23.97 26.03 

Ni3.0/Fe6.0 17.08 32.92 

Ni0.0/Fe9.0 0.00 31.62 
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Figure 5.11 CV curves of the mesoporous NiS2 on FTO electrode in 1.0 M KOH with 

the scan rate 5 mV/s. 

 

In the first CV scan of the mesoporous NiS2 electrode, two anodic peaks spanned 

between 1.0-1.4 V and 1.4-1.6 are observed during the initial forward scan. For 

consecutive forward CV scans, only one anodic peak spanned between 1.35-1.5 V is 

observed. For all reverse scans, one cathodic peak spanned between 1.2 -1.4 V is 

observed. Therefore, we presume that while the initial anodic peak is irreversible, the 

second peak is reversible. The initial anodic peak is most probably associated with the 

oxidation of NiS2and in-situ transformation to Ni(OH)2. As seen in Ni-based 

electrocatalyst, Ni(OH)2 transforms into NiOOH with further bias at peaked potential, 

1.4V which is characteristic for the redox potential of reaction of Ni2+
→ Ni 3+. Another 

proof for this transformation is that the phase change deduced by the cyclic voltage 

between Ni(OH)2 and NiOOH is reversible. The content that undergoes reversible 

changes between Ni(OH)2 and NiOOH is increased with the number of CV cycles. After 

the second anodic peak, the oxygen evolution reaction starts and its activity does not alter 

enormously with the number of CV cycles. 
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Figure 5.12 (a) LSV plots for mesoporous NiS2 in 1 M KOH. (b-c) CV curves of as-

prepared mesoporous NiS2 and one LSV tested on FTO electrode in a non-faradic 

region in 1.0 M KOH at the scan rates of 50, 100, 150, 200, and 250 mV/s, respectively 

 

 In order to verify the oxidation of NiS2 and understand the morphological 

alteration, we carried out LSV measurements in which the first LSV covers only the 

oxidation of NiS2 and the second LSV includes the oxidation of nickel hydroxide species 

and oxygen evolution reaction, seen Figure 5.10a. We also recorded CV curves of as-

prepared and first LSV tested electrodes in a non-faradaic region with various scan rates 

to understand the change in the electrochemically active surface area after the oxidation 

of NiS2, seen Figure 5.10b-c. The second LSV scan does not show any oxidative peak 

that belongs to the oxidation of NiS2. Therefore, available NiS2 crystallites in the 

mesoporous framework are electrochemically converted into Ni(OH)2. The 

electrochemical active surface area of the as-prepared electrode derived from the area of 

CV scans is dramatically decreased after the first LSV, indicating the collapse of the 

mesoporous framework. The in-situ transformation makes the surface of the electrode 

nonporous NiOH2. 
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5.8 Mesoporous NiFe Oxide Thin films for Oxygen Evolution Reaction in Alkaline 

Media. 

After mesoporous NiS2 electrodes are found to be not durable under OER in 

alkaline media, we have decided to apply the LLC method to obtain active and more 

significantly durable mesoporous NiFe oxide electrodes for OER. We investigated the 

OER activities of mesoporous NiFe oxide electrodes having different compositions in 

alkaline electrolytes. First, we carried out 20 consecutive LSV measurements to 

determine the OER activity and stability. 

In the consecutive LSV plots for mesoporous NiFe oxides electrodes, Figure 5.13, 

the activities and stabilities of all electrodes towards OER in alkaline electrolytes were 

investigated. Oxidation peak at around 1.30-1.45 V is observed for the electrodes up to 

the iron content, Ni/Fe atomic mole ratio of 3/6. Pure mesoporous nickel oxide electrodes 

exhibit the most intense oxidative current density and increasing iron content in the 

electrodes weaken the oxidative current density. In addition, its intensity increases with 

the number of LSV scans. Based on the literature and the findings, this is corresponding 

to Ni(OH)2/NiOOH conversion. While pure nickel and iron oxide electrodes show 

superior and inferior stabilities toward OER respectively, other electrodes with 

intermediate compositions are nearly durable against the phase changes and OER. 

However, the oxidation peaks of Ni2+
→Ni3+ for all electrodes shift to a higher potential. 

It has been reported in numerous recent studies that Fe impurities in KOH at even ppm 

levels deposits on the surface and increase drastically OER activities of Ni based 

electrocatalyst. The metal having higher oxidation states such as Fe3+ only shift the 

oxidation potential of Ni2+.   
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Figure 5.13 Consecutive LSV plots for mesoporous NiFe oxide electrodes having 

various compositions in alkaline electrolyte, 1.0 M KOH. 
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Figure 5.14 Consecutive CV plots for mesoporous NiFe oxide electrodes having 

various compositions in alkaline electrolyte, 1.0 M KOH. 

In order to verify the compositional change which is responsible for 

Ni(OH)2/NiOOH and Fe impurities in KOH, cyclic voltammetry plots were recorded for 

selected electrodes in Figure 5.15. The observed oxidative peak is reversible due to 

appearing opposite reductive peak at lower potentials in the reverse cycle, evidence for 

the change of Ni(OH)2/NiOOH. Interestingly, the OER activity of mesoporous pure 

nickel electrode increases with CV scans intenser than the observations in LSV 

measurements. Another abnormality is that the steady activities in LSV measurements of 

mesoporous NiFe oxide electrodes present the enhancing or diminishing trends with CV 

cycles accompanying alterations of oxidation/reduction potentials nickel in even pure 

NiO. CA tests of selected electrodes display mild changes as their LSV tests, see Figure 

5.15. In order to reveal the activity-structure relations regarding composition, the 

electrochemical tests should be conducted in Fe-free KOH electrolyte. 
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Figure 5.15 Chronoamperometry (CA) of selected mesoporous NiFe oxide electrodes 

under applied bias 1.0 V vs. RHE without IR compensation in 1.0 M KOH 

5.9 Electrochemical tests in Fe-free KOH electrolyte 

KOH solution was purified by Ni(OH)2 for obtaining Fe-free KOH electrolyte.  

Compared with consecutive LSV tests in non-purified KOH electrolytes, the LSV plots 

become steady state after the first LSV run for nearly all electrodes as seen in Figure 5.16. 

The oxidative peak intensity of Ni9.0/Fe0.0 only increases with LSV cycles. In addition, 

the alteration of peak maxima was not observed for all electrodes, confirming used KOH 

electrolyte was impurity-free, especially Fe. In order to compare the activity of electrodes, 

20th LSV runs are selected and plotted in Figure 517. 

0 2000 4000 6000

7

8

9

10

11

12

13

14

15

16

C
u

rr
e

n
t 

d
e

n
s

it
y

 (
m

A
/c

m
2
)

Time (s)

Ni0.0/Fe9.0

Ni9.0/Fe0.0

Ni8.9/Fe0.1

Ni6.0/Fe3.0



 

96 

 

Figure 5.16 Consecutive LSV plots for mesoporous NiFe oxide electrodes having 

various compositions in alkaline electrolyte, Fe-free 1.0 M KOH. 

1.2 1.3 1.4 1.5 1.6 1.7

1

2

3

4

5

6

7

8

C
u

rr
e

n
t 

d
e
n

s
it

y
 (

m
A

/c
m

2
)

Voltage (V) vs. RHE

 LSV#1

 LSV#2

 LSV#5

 LSV#10

 LSV#15

 LSV#20

Ni0.0/Fe9.0

1.2 1.3 1.4 1.5 1.6

5

10

15

20

25

C
u

rr
e

n
t 

d
e

n
s

it
y

 (
m

A
/c

m
2
)

Voltage (V) vs. RHE

 LSV#1

 LSV#2

 LSV#5

 LSV#10

 LSV#15

 LSV#20

Ni3.0/Fe6.0

1.2 1.3 1.4 1.5 1.6

0

5

10

15

20

25

C
u

rr
e

n
t 

d
e

n
s

it
y

 (
m

A
/c

m
2
)

Voltage (V) vs. RHE

 LSV#1

 LSV#2

 LSV#5

 LSV#10

 LSV#15

 LSV#20

Ni4.5/Fe4.5

1.2 1.3 1.4 1.5 1.6

5

10

15

20

25

30

35

C
u

rr
e

n
t 

d
e
n

s
it

y
 (

m
A

/c
m

2
)

Voltage (V) vs. RHE

 LSV#1

 LSV#2

 LSV#5

 LSV#10

 LSV#15

 LSV#20

Ni6.0/Fe3.0

1.2 1.3 1.4 1.5 1.6

0

5

10

15

20

25

30

C
u

rr
e

n
t 

d
e
n

s
it

y
 (

m
A

/c
m

2
)

Voltage (V) vs. RHE

 LSV#1

 LSV#2

 LSV#5

 LSV#10

 LSV#15

 LSV#20

Ni7.0/Fe2.0

1.2 1.3 1.4 1.5 1.6

5

10

15

20

25

30

35

C
u

rr
e

n
t 

d
e
n

s
it

y
 (

m
A

/c
m

2
)

Voltage (V) vs. RHE

 LSV#1

 LSV#2

 LSV#5

 LSV#10

 LSV#15

 LSV#20

Ni8.0/Fe01.0

1.2 1.3 1.4 1.5 1.6

5

10

15

20

25

30

C
u

rr
e

n
t 

d
e

n
s

it
y

 (
m

A
/c

m
2
)

Voltage (V) vs. RHE

 LSV#1

 LSV#2

 LSV#5

 LSV#10

 LSV#15

 LSV#20

Ni8.9/Fe0.1

1.2 1.3 1.4 1.5 1.6

1

2

3

4

5

6

7

8

9

C
u

rr
e

n
t 

d
e
n

s
it

y
 (

m
A

/c
m

2
)

Voltage (V) vs. RHE

 LSV#1

 LSV#2

 LSV#5

 LSV#10

 LSV#15

 LSV#20

Ni9.0/Fe0.0



 

97 

 

 

Figure 5.17 20th LSV runs for comparison of mesoporous NiFe oxide electrodes having 

various compositions in alkaline electrolyte, Fe-free 1.0 M KOH. 

The alterations of viscosities of the typical solutions for preparation of metal oxides 

and random roughness of the FTO may change the loading amount and thickness of the 

catalyst film. Therefore, we normalized LSV plots according to the oxidative peak areas 

for Ni oxidation per the total content of Ni derived from EDS analysis, Figure 5.17. The 

Ni8.9/Fe0.1 gives a positive shift (20 mV) for the Ni oxidation peak compared with 

Ni9.0/Fe0.0. Up to content Ni4.5/Fe4.5, the positive shift for the Ni oxidation peak is 

constant (60 mV). The Ni8.9/Fe0.1 shows the highest OER activity and a large current 

density of 20 mA/cm2 at 1.55 V vs. RHE, about 14 times higher than Ni9.0/Fe0.0. An 

increase in Fe content decreases slightly OER activity up to Ni4.5/Fe.45. A major drop 

in OER activity is observed where the composition comes to Ni4.5/Fe4.5. The worst OER 

activity is that of Ni0.0/Fe9.0. In Figure 5.18, the Raman spectrum of LSV tested 

electrodes having even strong Ni oxidation peak, Ni9.0/Fe0.0 and Ni8.9/Fe0.1, display 

nearly no changes, a slight increase in the shoulder band between at 449 and 495 cm-1. 

Bell and et. al. showed that β-Ni(OH)2 phase has a characteristic band the Raman bands 

at 449 and 495 cm-1 [192]. We find that the transformation of NiO to Ni(OH)2 and 

Ni(OOH) is limited by the surface of the oxide particles. Fe-doped NiO enhances OER 

activity significantly with Ni oxidation. When the phase of the electrodes becomes the 

spinel structure of NiFe2O4, the OER activity is worsened. It can be deduced that Fe itself 
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cannot act as the active site. Fe in NiO lattice modulates the electronic structure of nickel 

oxide/hydroxide/hydroxide phases. Another supportive finding could be that the boost of 

OER activity is much larger for consecutive CV tests rather than LSV tests in non-purified 

KOH electrolytes. When the cyclic phase changes in CV tests promote the insertion of Fe 

atom in NiO lattice, the forward positive bias can foster the electrochemically deposition 

of Fe impurities in KOH electrolyte on the NiO crystals.  The deposited and isolated Fe 

species should activate its neighbors of NiO active sites. The trends in the enhancement 

of incorporation content of iron into NiO lattice differentiate in the reported studies. 

While Rohlfing et. al. find Fe0.1Ni0.9O showing the best OER performance [193], 

Kaufman reported NiFeOx, where 29 % Fe [194]. Comparison of the overpotential at a 

specific current density with literature is controversial due to uncertain validations of the 

catalyst amount, substrate geometry, and conductivity. Contrary, we conclude that a small 

number of Fe introduction in the NiO lattice, such as  Ni0,043Fe0.957O, is adequate to boost 

supreme OER activity. The OER activity trend follows NiFeOx > NiFe2O4 > NiO > 

Fe2O3.. 

 

Figure 5.18 Raman spectrum of Ni9.0/Fe0.0 and Ni8.9/Fe0.1 electrodes after and 

before LSV runs 

5.10 Mesoporous Materials for Overall Water Splitting 

We showed that mesoporous NiFe oxides and pyrite nickel disulfide exhibit 

superior performance for OER and HER, respectively, in alkaline environment. Nickel or 
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stainless steel foam typically is used for the substrate for commercial alkaline 

electrolyzer. We prepared electrodes of one of the most active mesoporous NiFe oxide, 

Ni6.0/Fe3.0, on nickel foam and nickel disulfide, NiS2, on carbon cloth for overall water 

splitting in alkaline electrolyte, 1.0 M KOH. 

 

Figure 5.19 a) Polarization curves of mesoporous NiS2 // mesoporous NiFe oxide on Ni 

foam and Ni foam//Ni foam and (b) CA of mesoporous NiS2 on carbon cloth and 

mesoporous NiFe oxide, Ni6.0/Fe3.0 on nickel foam electrodes in alkaline electrolyte, 

1.0 M KOH. 
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The polarization curve of mesoporous NiFe oxide, Ni6.0/Fe3.0, on nickel foam and 

nickel disulfide, NiS2, on carbon cloth, see Figure 5.19a, was recorded after CA test 

conducted about 3 hours, see Figure 5.19b. Our electrolyzer requires only a cell voltage 

of 1.816 V to achieve a water-splitting current density of 50 mA cm2 compared with a 

cell voltage of 1.904 V of Ni foam electrodes at the same current density. Ren showed 

(Ni,Fe)OOH/MoNi4 electrodes show the lowest cell voltage, 1.454 V at 50 mA/cm2 

current density. The benchmark electrodes IrO2/Pt for water splitting displayed a1.652 V 

of cell voltage at 50 mA/cm2 current density. Our electrodes exhibit a close electrolysis 

performance. If mesoporous  NiS2 electrodes do not collapse and lose its high surface 

area during HER, the performance will be superior.  

5.11 General Overview  

After the investigation of the instability of OER activity in alkaline electrolytes, we have 

used a lyotropic liquid crystalline templating method to produce mesoporous iron nickel 

oxide thin film electrodes for OER. Nickel and iron nitrate salt with two surfactants 

(CTABr and C12E10) form nearly homogenous lyotropic liquid crystalline mesophases.  

The calcination temperature of 300 oC is adequate to burn off surfactants, obtaining 3-5 

nm-sized pores. We reveal the exact structure and morphology of all produced 

mesoporous metal oxide thin film electrodes by using electron microscopy and 

spectroscopic techniques. The walls of the mesoporous framework consist of integrated 

metal oxide crystallites of around 5 nm. Mesoporous NiFeOx, NiFe2O4, and Fe2O3 thin 

film electrodes with tunable phases and compositions were obtained. We investigated the 

OER performance and stabilities of mesoporous electrocatalyst thin films. Pure 

mesoporous NiO electrocatalyst shows an overpotential of around 470 mV at the current 

density of 10 mA/cm2. The Fe-doped NiO boost the OER performance by decreasing an 

overpotential of around 1700 mV at the current density of 10 mA/cm2. While NiFe2O4 

exhibits a moderate OER performance, the lowest OER activity is belonging to Fe2O3. Fe 

impurities in KOH deposits on metal oxide electrodes under a positive bias and enhances 

the OER activity. When constant a positive bias enables the deposition of Fe islands on 

metal oxide particles, a cyclic voltage results in the insertion of Fe atoms into a metal 

oxide lattice. The enhancement in OER activity is larger in the case of the insertion of Fe 

atoms into metal oxide lattice. Those experimental results find out Fe is not the active site 

of mixed oxides for OER, Fe atoms just activate Ni centers via a partial charge transfer 

mechanism. 
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6 MESOPORUS MoS2 THIN FILMS 

6.1 Literature Overview 

Platinum is the best electrocatalyst for HER, however, its large-scale application is 

limited due to its high cost and low abundance [195]. MoS2, a significant member of two-

dimensional (2D) transition metal dichalcogenides, has been used as a 

hydrodesulfurization catalyst in the petroleum refinery industry for decades due to its 

abundant, inexpensive, and reversible hydrogen desorption properties [196]. It has also 

exhibited strong electrochemical activity, it has been shown by theoretical calculations 

that S-terminated edge sites of MoS2 might be active for the HER [197], which has later 

been confirmed experimentally [198]. S-terminated edge sites are active whereas the 

basal planes and Mo terminated edges, which compose the majority of the sites, are inert 

for HER [198] . The relative activities of edge sites, vacancies, and grain boundaries of 

MoS2 have been determined by Tafel analysis and the slopes have been calculated to be 

65-75 mV/dec. for edge sites, 65-85 mV/dec. for sulfur vacancies, and 120-160 mV/dec. 

for grain boundaries [199]. 

One strategy for elevating the HER activity is to generate an amorphous catalyst 

because a disordered atomic orientation may induce more electrochemically active sites 

[200]. However, amorphous MoS3 has been shown to undergo a structural transformation 

towards MoS2 under HER conditions [201]. Operando ambient pressure X-ray 

photoelectron spectroscopy (APXPS) has been used to demonstrate the conversion from 

MoS3 to MoS2, Mo 3d and S 2p spectral changes under negative bias show progressive 

compositional change and put forward MoS2 phase critical for enhanced HER activity 

[202]. Further evidence for structural modification has been provided by in situ TEM. 

Amorphous MoS2 simultaneously crystallizes under negative bias [203]. 

2D layered structures lack the electrical conductivity required for electrochemical 

applications owing to the weak electronic coupling between van der Waals layers. The 

electrocatalytic activity of a single layer MoS2 for the HER decreases with the addition 

of a second layer, adding the potential barrier of 0.119 V [204]. The nanostructured 

crystalline MoS2 is very useful in terms of accelerating the mass transfer, improving 

electron conductivity, and avoiding restacking [205]. Therefore, many nanostructured 

MoS2 based electrocatalysts, i.e., hierarchical structures [206], quantum dots [207], 
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micro-nano spheres [208], and flower-like nanoflakes [209] were designed, synthesized, 

and tested for HER. 

Preparation of catalyst ink from 2D materials is troublesome due to restacking of 

the layers [210]. 3D structures of nanostructured MoS2 with an interconnected conductive 

network are crucial to prevent restacking and provide a high specific surface area with 

improved conductivity [211]. For this reason, carbon-based support materials such as 

carbon nanofibers [212], [213], carbon cloths [214], [215], carbon papers [216], carbon 

nanotubes [217], and graphene foams [218] have been used. For example, W-doped MoS2 

and MoO2 heterostructures on carbon nanotubes exhibit Pt-like HER activity [219]. The 

more conductive MoO2 bridges the less conductive MoS2, and the carbon matrix, 

facilitate the charge transport between MoS2 and carbon nanotubes. Doping high valance 

atom, W, into the MoS2 lattice also activates the basal plane S atoms and results in an 

enhanced HER activity. Another strategy to boost the HER activity is to activate the basal 

planes of MoS2 by creating sulfur vacancies [220]–[223]. The concentration of sulfur 

vacancies that maximizes the HER performance is between 12.5% and 15.62% [223]. 

The porous electrocatalysts provide better mass transport and are beneficial for 

large-scale electrocatalyst fabrications. The high porosity potentially increases the surface 

area that further leads to the exposure of abundant internal sulfur terminated edge sites. 

For this reason, mesoporous transition metal sulfides have attracted great attention owing 

to their superior performance as catalysts, electrodes, and photocatalytic materials [68]–

[72]. The hard templating method has been applied for the synthesis of mesoporous metal 

sulfides such as FeS2, CoS2, NiS2, WS2, and MoS2 [73], [74]. There are several examples 

of mesoporous MoS2 thin films prepared by using this method [74] whereas the synthesis 

of mesoporous metal sulfides by soft templating is still very challenging due to the 

uncontrollable fast precipitation process between metal salts and the S2
– ions. Mesoporous 

iron-doped MoS2/CoMo2S4 powder electrocatalyst that shows superior HER activity in 

alkaline media have been developed [79]. However, the synthesis of mesoporous MoS2 

thin-film electrocatalysts via the soft templating route remains challenging. 

The one-step production protocol enabling the formation of 3D integrated porous 

structures without a post-coating process does not require nonconductive organic binders 

and offers a robust alternative for efficient electrode preparation. The stable lyotropic 

liquid mesophase with two surfactants and various transition metal nitrates have been 

converted to mesoporous MnCo2O4, NiCo2O4 LiMn2O4, ZnCo2O4 and NiO thin films for 
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many applications [61], [64]–[66]. The same strategy has been adopted to prepare 

mesoporous NiS2 electrodes for HER [46]. Mesoporous MoS2 thin-film electrodes are 

ideal for improved mass transfer and the number of HER active sites. To the best of our 

knowledge, a one-step method that enables mesoporous MoS2 thin film coating with 

narrow pore sizes for HER has not been developed. Herein, we modified the liquid 

crystalline templating strategy to obtain mesoporous MoS2 thin-film electrodes for HER. 

 

6.2 Experimental 

 Preparation of Solutions of Molybdenum and Sulfur Precursor and 

Surfactants  

In a typical solution preparation, CTAB, C12EO10, ammonium heptamolybdate 

tetrahydrate, and thiourea are mixed in a 25 ml vial with deionized water. Later, the 

ammonia solution is added by dropping pipette. When ethylene glycol is used for 

preparation of solution, ethylene glycol is added before addition of ammonia solution. 

The solution is stirred for one day in order to make sure it homogenous and clear 

(transparent and colorless). A Schematic illustration of the general solution preparation 

is indicated in Figure 6.1. Amount of each ingredient for the preparation of solutions 

with/out ethylene glycol are tabulated in Table 6.1 and Table 6.2, respectively.  
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Figure 6.1 Schematic illustration of the preparation of Mo and S precursor and 

surfactants solution 

 

 

Table 6.1 The amounts of CTAB, C12EO10. (NH4)6Mo7O24.4H2O, thiourea, NH4OH and 

deionized H2O. 

 (NH4)6Mo7O24.4H2O Thiourea CTAB C12EO10 NH4OH H2O 

2.495 g 1.457 g 0.291 g 0.500 g 4.000 g  5.000 g 

 

Table 6.2 The amounts of CTAB, C12EO10. (NH4)6Mo7O24.4H2O, thiourea, NH4OH, 

deionized water and ethylene glycol. 

 (NH4)6Mo7O24.4H2O  Thiourea CTAB C12EO10  NH4OH H2O  
Ethylene 

glychol 

2.495 1.457 0.291 0.500 4.000 5.000 4.000 

 Instrumentation 

The instrumentation that used in this chapter was described in the previous 

chapters. 
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 Preparation of Lyotropic Liquid Crystalline (LLC) Mesophase 

The mesophases were prepared by spin coating of solution their ingredients are 

given in table for thin LLC films. Spin coating was applied to prepare LLC and further 

mesoporous MoS2 thin films. A few drops of the solution were placed on the FTO or 

microscopic glass and it was spun for 20 s at 1000 rpm by a spin coater. To obtain thicker 

mesophase, drop-cast coating on the microscopic slides was also applied. Drop-casting 

was applied by placing a few drops of solutions and aged for evaporation of deionized 

water. Schematic illustration of both drop-cast and spin coating methods are indicated in 

Figure 6.2. 

 

Figure 6.2 Schematic illustration of spin coating and drop-casting casting methods. 

 

 Preparation of Mesoporous MoS2 on FTO 

The mesoporous MoS2 electrodes, synthesized using liquid crystalline templating 

which described in the same protocol above over a FTO, were used for HER. Before spin 

coating, FTO (1 cm × 2 cm) substrates were cleaned by ultra-sonication in absolute 

ethanol. The electrodes were prepared by spin coating the clear solutions of the 

corresponding composition as given in Chapter 6.3.2. Scotch-tape was used to make an 

area of 1 cm2 on FTO for spin-coating. The mesophase film over the FTO was annealed 

at 170 ℃ and 300 ℃ in a nitrogen (N2) atmosphere for one hour and two hours, 

respectively. The as-prepared samples were also further annealed at 400 and 500 ℃ for 



 

106 

two hours. The electrochemical tests like LSV, CV, etc. and the advanced 

characterizations like XPS, SEM, EDX, etc were conducted. Schematic illustration of the 

preparation of electrodes are presented in Figure. 6.3. 

 

Figure 6.3 Schematic illustration of preparation of MoS2 on FTO 

 

 Preparation of Mesoporous MoS2 on Carbon Fiber 

Before spin coating, carbon fibers were cleaned by ultra-sonication in absolute ethanol. 

The carbon fibers were cut into pieces having sizes of 0.1x2 cm. Half of it was dipped 

into the clear solutions of the corresponding composition.  The carbon fibers were placed 

on the glass substrate and then spin coated at 1000 rpm for 30 seconds. The mesophase 

film over the carbon fiber was annealed at 170 ℃ and 300 ℃ in a nitrogen (N2) 

atmosphere for one hour and two hours, respectively. Schematic illustration of the 

fabrication of electrodes are presented in Figure. 6.4. 
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Figure 6.4 Schematic illustration of preparation of MoS2 on carbon fiber. 

 

6.3 Characterization 

Most transition metal nitrate salts have low melting point and high solubility in 

water that promote the formation of lyotropic liquid crystalline mesophase with 

surfactants. However, there is no such Mo precursor available. Ammonium 

heptamolybdate tetrahydrate was rationally selected from among Mo precursors because 

high pH given by excess ammonia provides extra stability and solubility. However, 

ammonium heptamolybdate tetrahydrate does not melt at any temperature but just 

decomposes at 190 ℃ [224]. This poses a major problem for the formation of mesophase 

of ammonium heptamolybdate tetrahydrate with surfactants, which is a prerequisite to 

obtain mesoporous MoS2. Therefore, we initially investigated the formation of liquid 

crystalline mesophase of ammonium heptamolybdate tetrahydrate and thiourea and two 

surfactants, CTAB) and C12E10. The reaction of drop-casted liquid mesophases of 

ammonium heptamolybdate tetrahydrate and thiourea with two surfactants was monitored 

by using XRD and FTIR. Drop-casted layer was annealed for half an hour at various 

temperatures in inert N2 atmosphere without waiting evaporation of solvent and excess 

ammonia.  
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Figure 6.5 (a) XRD patterns and (b) FTIR spectra of drop-casted LLC mesophases, 

which were annealed at various temperatures. (c) N2 adsorption-desorption analysis and 

(d) pore size distribution of the mesoporous MoS2. 

 

XRD analysis provides direct information about both the formation and the stability 

of the LLC mesophase. In the case the mesophase does not form, the precursors and 

surfactants crystallize after evaporation of the solvent. Many overlapped diffraction lines 

mostly belonging to ammonium heptamolybdate are observed in the XRD patterns of the 

samples annealed at 115 ℃ (see Figure 6.5a). On the other hand, the samples annealed at 

170 ℃ and higher temperatures do not give any diffraction lines. FTIR spectra of the 

samples collected at various temperatures are presented with the reference samples of 

thiourea and ammonium heptamolybdate in Figure 6.5b. Tracking thiourea peaks in FTIR 

spectra is critical to detect the complexation of molybdate ions with sulfurous 

compounds. For thiourea, the peaks at 3383 and 3277 cm−1 are assigned to the symmetric 

and asymmetric stretching vibrations of N−H. The peak at 1620 cm−1 corresponds to N−H 

bending vibration. The absorption observed between 1473 and 1413 cm−1 is assigned to 

the N−C−N symmetric and asymmetric stretching modes. The sharp peak at 7316 cm−1 
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is caused by the C−S stretching mode. Spectra obtained from the samples at room 

temperature and annealed at 115 ℃ are almost identical and the fingerprints of thiourea 

in the samples annealed at 170 ℃ and higher temperatures are not observed. This 

indicates that the annealing temperature of 170 oC is adequate for the decomposition of 

thiourea. The samples at room temperature and 115 ℃ are opaque while their color turns 

greenish and dark with increasing annealing temperatures (see Figure 6.6a). The opacity 

of the samples correlates with XRD patterns. Crystals of ammonium heptamolybdate salt 

and thiourea cause opaque color. The sulfurous products from the decomposition of 

thiourea react with molybdate, resulting in the formation of thiomolybdates (MoS4
2-) 

giving the samples dark red color. These observations above reveal that molybdates 

cannot form the LLC mesophase. However, formed thiomolybdates can be confined 

among the surfactant domains and form mesophase. This unique behavior is useful for 

the synthesis of mesoporous MoS2 thin films. 

 

Figure 6.6 Photographs of the samples annealed at various temperatures, which were 

prepared using typical solution (a) without and (b) with ethylene glycol. 

The spin coating method enables obtaining thinner and uniform films compared to 

drop and dip coating methods. Water is normally a good choice of solvent owing to its 
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ability to dissolve all precursors and surfactants. However, spin coating accelerates the 

evaporation of solvents in the liquid templating methods. Ethylene glycol, usually named 

as organic water, has a higher boiling point (197 ℃) and has almost the same ability to 

dissolve hydrophilic compounds or ionic species. The addition of ethylene glycol into a 

typical solution of CTAB, C12EO10, ammonium heptamolybdate, and thiourea can 

provide the exposure time required during spin coating. Because the viscosity of ethylene 

glycol is higher than that of deionized water, its amount was kept limited to get even 

overlayers without pits and holes. 

As demonstrated in Figure 6.6b, the color of the transparent samples, which were 

prepared by spin coating of typical solution with ethylene glycol, turns to homogenous 

yellowish green after annealing at 115 ℃. Further annealing at higher temperatures 

changes them to yellow and then dark brown. Similar color changes were observed as the 

annealing temperatures of drop-casted films were raised. Besides, the crystallization of 

ammonium molybdate salts caused by leaching out of the mesophase was not observed 

as evidenced by the absence of the XRD patterns of the spin-coated samples at room 

temperature and further annealed at 115 ℃ (see Figure 6.7). The deionized water 

evaporates during spinning and the remaining ethylene glycol keeps dissolving all 

ingredients required for the LLC mesophase integrity. Rapid direct annealing of spin-

coated samples at 170 ℃ evaporates the remaining ethylene glycol. Meanwhile, thiourea 

directly decomposes into sulfurous products at those temperatures (it decomposes at 

around 130 ℃), producing thiomolybdates. The changes in the diffraction lines at small 

angle XRD of the as-prepared and annealed samples presented in Figure S6a suggest that 

the addition of ethylene glycol to the solution prevents the crystallization of ingredients 

and enables the formation of LLC mesophase required for the synthesis of mesoporous 

MoS2 thin films. The addition of ethylene glycol does not alter XRD patterns and thus 

mesoporous samples of similar crystallinity form (see Figure 6.7b). As in the protocol for 

the preparation of mesoporous nickel sulfides, capping during annealing cannot be 

applied to prevent the escape of sulfurous gasses from the mesophase without reacting 

molybdate ions [46]. When we apply the sandwich structure after spin coating, the sol 

between two substrates shrinks and aggregates randomly on the surface of the substrates 

during evaporation of ethylene glycol at 170 ℃. This hinders the formation of thin films. 
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Figure 6.7 (a) Small and (b) wide XRD patterns of the samples annealed at various 

temperatures, which were prepared using typical solution with ethylene glycol. 

 

To prove that fast annealing the LLC mesophase of ammonium heptamolybdate salt, 

thiourea, and two surfactants outcomes the mesoporous MoS2, N2 adsorption-desorption 

isotherm of the sample annealed at 300 ℃ was recorded (Figure 6.5c). The hysteresis on 

the adsorption and desorption behavior confirms the mesoporosity. BET surface area is 

about 182 m2/g. The Barrett-Joyner-Halenda (BJH) analysis exhibits a narrow pore-size 

distribution peaking around 3 nm and a broad pore-size distribution starting to above 30 

nm (Figure 6.5d). The mesopore size (~3 nm) is consistent with the size of surfactant 

domains in the LLC mesophase. The pore size distribution greater than the expected 

micelle sizes (2-3 nm) may be originating from harsh release of decomposed gaseous 

compounds induced by annealing. 

 

Figure 6.8 Raman spectra of mesoporous MoS2 
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In order to identify the structural form of the surfactant after annealing, Raman 

analysis of the mesoporous MoS2 was performed and the resulting spectrum is presented 

in Figure 6.8. In carbon, the Stokes phonon energy shift caused by laser excitation creates 

two main peaks in the Raman spectrum: graphitic peak G (1580 cm-1), a primary in-plane 

vibrational mode, and an out-of-plane vibration, defect peak D (1350 cm-1). The Raman 

spectrum is considered to mainly depend on sp2/sp3 ratio. The intensity ratio of D to G 

peaks is below 1, suggesting an amorphous structure. Surfactants in the mesophase 

structure are carbonized by annealing; mesopores are not clogged by amorphous carbon. 

They could be suspended in the mesoporous framework due to volumetric shrinkage 

during decomposition. Such a process provides an extra surface area on the sample. BET 

surface area, 182 m2/g, does not belong solely MoS2 nanocrystallites. 

SEM images of scratched mesoporous MoS2 thin film samples presented in Figure 

6.9a-b show non-textured surface features. On the other hand, the interior of the films has 

20-25 nm sized pores, which is consistent with pore size distribution derived from N2 

sorption analysis The imaging of smaller mesopores is under the limit of SEM. EDS of 

the sample performed for the compositional analysis indicates that the Mo/S atomic ratio 

of the sample is about 1:1, smaller than the expected ratio, 1:2 (Figure 6.10). This could 

indicate that a large fraction of Mo is still in its oxide form even though the Mo and S 

precursor ratio was adjusted to be 1:2. 

 

 



 

113 

 

Figure 6.9 (a-b) SEM images of scratched mesoporous MoS2 in different perspective 

on copper grid. (c and e) HAADF-STEM, and (d and f) low and high magnification 

TEM images of mesoporous MoS2 

To further understand the structural details of the mesoporous MoS2 films, TEM 

images have also been collected. High angle annular dark-field (HAADF) of STEM 
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images, in Figure 6.9c and e, and TEM images, in Figures 6.9d and f, display the sponge-

like disordered mesoporosity with pore openings 3-5 nm wide. In the selected 

microscopic area of the sample, the sizes of the pore openings are consistent with the 

sizes of the micelles formed by CTAB and C12EO10. In the high-resolution TEM images 

(Figure 6.9f), the lattice fringes of MoS2 nanocrystals (0.62 nm representing (200) lattice 

planes) can be observed. 

 

Figure 6.10  (a) SEM image of mesoporous MoS2. (b) EDS spectrum derived from 

selected area of SEM image in a. 

XPS measurements were performed to further identify the surface compositions 

of the electrodes. The results of the XPS analysis of as-prepared mesoporous MoS2 are 

shown in Figure 6.11a-b. Reported XPS studies of MoS2 formation from ammonium 

tetrathiomolybdate solutions is useful for assignment of  Mo 3d and S 2p peaks [225]  In 

Figure 6.11a, the Mo 3d double peaks at 232.3 and 229.1 eV are assigned to Mo4+ in 

MoS2. Moreover, two sets of double peaks at 231.45 and 230.95 eV, and at 235.6 and 

232.2 eV are observed, which originate from the MoS3 and MoO3 formed by unconverted 

molybdate ions, respectively. For S 2p XPS spectra presented in Figure 3b, the doublet 

peaks at 161.3/162.5 eV are ascribed to the S2
2− while the major doublets at 163.8/165.0 

eV were attributed to S2- dimers, originating from amorphous MoS3 and MoS2 edges. 

Combining XRD, TEM, STEM, EDS, and XPS results, we can reveal that mesoporous 

MoS2 thin films consist of the mixture of nano-crystalline MoS2, amorphous MoS3, and 

amorphous MoO3 with mesoporous structure. 
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Figure 6.11 (a) Mo 3d and (b) S 2p XPS spectra of the mesoporous MoS2 on FTO. The 

deconvolution of the spectra was performed by using the Doniac-Sunjic line profile. A 

Shirley type of background was used in all spectra. The S 2p spectra were deconvoluted 

using a doublet with a splitting of 1.2 eV and a 2:1 2p3/2:2p1/2 area ratio. The Mo 3d 

spectra were deconvoluted using a doublet with a splitting of 3.14 eV and a 2:3 

3d3/2:3d5/2 area ratio. 

 

6.4 Hydrogen Evolution Reaction in an Acidic Electrolyte 

We investigated the HER activities of mesoporous MoS2 thin films electrodes on FTO in 

an acidic electrolyte, 0.5 M H2SO4. Ten consecutive LSV scans were recorded for each 

electrode, the progress of the LSV curves was demonstrated in Figure 6.12a. It is observed 

that the HER activity of the sample annealed at 300 ℃ is dynamic, each LSV scan shows 

better activity in terms of lower onset potential and higher current density than the 

previous one. After the sixth scan, no further change in the LSV curves was observed. 

Ten consecutive LSV scans were also recorded for electrodes prepared at 400 and 500 oC 

to check the effect of annealing temperature on the HER activity (see Figure 6.13). The 

most active sample towards HER in an acidic environment is the one annealed at 300 ℃. 

Higher annealing temperatures reduce the HER activity dramatically. HER activities for 

these samples showed no improvement with LSV scans as observed in the sample 

annealed at 300 ℃. It was observed that consecutive LSV scans did not exhibit any 

significant change. 
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Figure 6.12 (a) Consecutive LSV plots in 0.5 M H2SO4 for mesoporous MoS2 on FTO 

prepared at 300 oC. (b) Capacitive currents plots as a function of the scan rate for before 

1st LSV san and after 10th LSV scan. (c) Long-term stability test in 0.5 M H2SO4. 

Consecutive LSV plots for mesoporous MoS2 on FTO prepared at 300 ℃. (d) Tafel 

plots of mesoporous MoS2 on FTO prepared at 300 ℃ for various consecutive LSV 

plots. 

 

 ECSAs of the electrodes are typically proportional to the electric double-layer 

capacitance (Cdl), which can be derived from the CV curves in a non-faradaic region. 

Therefore, we track the changes in the CV curves of mesoporous MoS2 after the 

stabilization performed by successive LSV scans (Figure 6.14). It was observed by 

comparing capacitive current plots before the 1st and after 10th LSV scan as a function of 

the scan rate that the ESCA of the tested sample annealed at 300 ℃ increased at least 5 

times (Figure 6.12b). Other samples showed the same trend to a lesser extent. The 

calculated ECSA of tested samples annealed at 400 ℃  and 500 ℃  are around four times 

less than the tested sample annealed at 300 ℃. We stressed that samples annealed at 400 

℃ and 500 ℃ did not show any porosity in N2 sorption measurements. As expexted, this 

explains the limited HER performance of these samples. The increase in ESCA 

represented the correlation with the enhancement in HER activity. Apparently, there is an 

electrochemical activation process during HER. 
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Figure 6.13 Consecutive LSV plots in 0.5 M H2SO4 for mesoporous MoS2 on FTO 

prepared at (a) 400 ℃ and (b) 500 ℃. 

 

To ascertain the long-term changes in HER activity, consecutive LSV curves 

under high potentials and current densities were recorded (Figure 6.12c). Even in working 

in high current densities, the HER activity was maximized at the 10th cycle and then 

slightly lost its activity. The HER started with an overpotential of 476 mV and reduced 

to 332 mV at the current density of 10 mA/cm2. It was presumed that intensified evolution 

of H2 bubbles on the film structure might delaminate film structure. The Tafel plots in 

Figure 4d show that first LSV cycle possesses the highest Tafel slope, 95 mV/dec. in 

comparison to 64 mV/dec. obtained after 10th and 50th LSV scans, demonstrating the 

superior HER kinetics. Delamination of the catalyst over extensive HER was much 

plausible explanation since the Tafel slopes did not vary. The loss of electrocatalyst 

decreases only the current density and does not affect the HER kinetics. The amendment 

in the kinetics of HER might be related to the changes of the active sites. If the number 

of active species with the same characteristics is increased during HER by reasons like 

the dissolution of surface species blocking active HER sites, ESCA could increase but 

Tafel slopes do not necessarily change. Therefore, we assume that the synthesized 

mesoporous MoS2 sample shows pre-catalyst property that transforms into a much 

superior electrocatalyst for HER. 
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Figure 6.14 CV curves of the mesoporous MoS2 on FTO. MoS2 annealed at 300 ℃ (a) 

as-prepared / (b) tested, annealed at 400 ℃ (c) as-prepared / (d) tested, and annealed at 

300 ℃ (e) as-prepared / (f) tested in a non-faradic region in 0.5 M H2SO4 at the scan 

rates of 50, 100, 150, 200, and 250 mV/s. 

 

To further apprehend the structural change and the HER activity enhancement 

during HER, we performed XPS measurements on LSV tested sample. The results of the 

XPS analysis given in Figures 6.11a-b indicated that the intensity of double peaks at 231.4 

and 231.6 eV in Mo 3d spectrum, originated from the MoS3, decreased compared to as-

prepared sample. The intensity of MoS2 species significantly increases while those of the 

MoO3 species remain largely unchanged. The relative ratio of S 2p doublet peaks at 

161.3/162.5 eV and 163.8/165.0 eV slightly increases compared to the as-prepared 

sample. Sulfur dimers originating from MoS3 could be converted to ultra-small nano-
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crystalline MoS2 species, because of having a high number of sulfur dimers at the edges. 

It is revealed that most of the amorphous MoS3 species in the mesoporous framework are 

reduced to superior active species, MoS2. It is also observed in the literature, amorphous 

MoS3 undergoes in situ self-reconstruction and the formation of MoS2 species during 

HER [201]–[203]. This electrochemical activation is limited by the surface. We observed 

that MoS3 species cannot be electrochemically converted to MoS2 as a whole because of 

the lack of contact with the electrolyte. We can presume that MoS2 nanodomains were 

embedded in the amorphous MoO3 and MoS3 matrix of the mesoporous framework. 

Amorphous MoO3 species do not present a pronounced HER activity [226] . 

 

Figure 6.15 (a) Consecutive LSV plots and (b) Tafel plots for mesoporous MoS2 on 

carbon fiber prepared at 300 ℃, in 0.5 M H2SO4. 

 

The carbon-based materials are generally used as a support material for hydrogen 

electrodes in order to increase the overall conductivity and surface area of the 

electrocatalyst. 10 consecutive LSV scans of mesoporous MoS2 on carbon fiber within a 

cathodic potential window in the range of 0 to −0.6 V vs. RHE were recorded (Figure 

6.15a) and the Tafel plots of first and final LSVs were calculated (Figure 6.15b). Similar 

to the mesoporous samples on FTO, each LSV curve exhibited better activity than the 

previous one. It can be seen that the 10th LSV cycle showed the lowest onset overpotential 

of ∼189 mV at 10 mA/cm2 for the HER, beyond which the cathodic current density rises 

rapidly under more negative potentials. Commercial electrolyzers should operate at large 

current densities around 1−2 A/cm2. The electrode on carbon fiber can reach 1 A/cm2 

with the overpotential of ∼550 mV owing to the highly porous character of the electrodes. 

As expected, the sample on carbon fiber displayed faster HER kinetics than the sample 

on FTO, since the Tafel slope of the sample on carbon fiber (53 mV/dec.) was lower than 
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that of the sample on FTO (64 mV/dec.). As shown in Table 6.3, the values of Tafel slopes 

and the overpotentials at various current densities are comparable with most of the 

reported MoS2 based HER electrocatalysts. In acidic media, Volmer-Heyrovsky (H+ + e- 

→ Had, H+ + Had + e- → H2) and Volmer-Tafel (H+ + e- → Had, Had + Had → H2) processes 

are plausible [120]. The theoretical Tafel slope values for the Volmer reaction, Heyrovsky 

reaction, and Tafel reaction are 118, 39, and 29.5 mV/dec, respectively [227]. From these 

findings, we can suggest that the HER follows the Volmer-Heyrovsky mechanism 

initially when MoS3 as precatalyst is a dominant phase. With electrochemical activation, 

the reduction of MoS3 into MoS2 nanodomains, the mechanism likely advances toward 

Volmer-Tafel. MoS2 nanodomains are likely to be have abundant edge sites. Doping with 

high valance atoms (W, Nb, Mo, etc.) and supporting with a substrate of a superior 

conductive high surface area, such as carbon nanotube foam or graphene foam, our 

mesoporous electrodes may provide much more active sites and internal conductivity, 

leading to Pt like activity [219]. We can suggest that our novel soft templating method 

could be a promising coating technology to prepare low-cost and highly efficient MoS2 

HER binder-free electrodes on any support materials. 

 

Table 6.3 Comparison of reported HER activities of MoS2. 

 Synthesis 

method 

Surface 

area (g/cm
2

) 

Tafel slope 

(mV/decade) 

Overpotential 

(mV) 

Catalyst amount 

(mg/cm
2

) 
Ref. 

MoS2/Graphene 
foam 

Hydrothermal 819 42 
200 

(at 100 mA/cm
2

) 
0.21 

[218
] 

W-

MoS2/MoO2/CNT 

foam 

Thermal N/A 44 
62 

(at 10 mA/cm
2

) 
N/A 

[219
] 

MoS2/MoO2/CNT 
foam 

Thermal N/A 73 
121 

(at 10 mA/cm
2

) 
N/A 

[219
] 

MoS2/CNT foam Thermal N/A 120 
190 

(at 10 mA/cm
2

) 
N/A 

[219

] 

MoS2 on N-doped 

Carbon fibers 
Hydrothermal N/A 48 

135 

(at 10 mA/cm
2

) 
0.217 

[213

] 

Mesoporous double-

gyroid MoS2 
Hard Template N/A 50 

290 

(at 10 mA/cm
2

) 
N/A [74] 

Mesoporous 

MoS2/MoO3 on 

Carbon fiber 

Soft template 182 53 
180 

(at 10 mA/cm
2

) 
N/A 

This 

wor

k 

 

6.5 Hydrogen Evolution Reaction in an Alkaline Electrolyte 

We also investigated the HER activities of mesoporous MoS2 thin films electrodes 

on FTO in an alkaline media. Ten consecutive LSV scans were recorded and presented 

in Figure 6.16. Contrary to observation of the enhancement in HER performance in acidic 
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media, the activity gradually decreased after each LSV scan in alkaline media. We note 

that the electrolyte near the electrode surface turned to blue in color during LSV cycles. 

Amorphous MoO3 moiety in the mesoporous framework is probably electrochemically 

dissolved in alkaline media. Since the MoO3 moiety plays a role of binding MoS2 and 

MoS3 moieties in the mesoporous framework, those active species in HER were detached 

from the electrode.  

 

Figure 6.16 Consecutive LSV plots for mesoporous MoS2 on FTO prepared at 300 ℃ 

in 1 M KOH. 

 

6.6 General Overview 

Active, durable, and abundant non-platinum group material (PGM) based electrocatalysts 

are crucial for green hydrogen production. MoS2 has been one of the best candidates and 

most studied non-PGM electrocatalyst. Mesoporous thin-film materials also provide an 

ideal platform regarding improved charge transfer kinetics and reagent/product diffusion 

provided by their high surface area and integrated continuous nanostructure for the HER. 

We showed, for the first time, a novel protocol to produce mesoporous thin-film MoS2 

synthesized by a novel soft-templating method without post-sulfurization, as represented  

in the Figure 6.17a. The present results suggest that a mesoporous framework having a 

narrow pore size distribution form and consists of embedded MoS2 nanocrystals within 

the continuous amorphous MoS3 and MoO3 moieties, as demonstrated in the Figure 



 

122 

6.17b. The samples exhibit superior HER activity in an acidic media after a structural 

transformation from MoS3 to MoS2 via an electrochemical reduction during HER. In-situ 

electrochemical activation boosts the ECSA and reduce the Tafel slopes, leading to lower 

overpotential and better kinetics for HER. These outcome the increases durable sulfur 

terminated edges of MoS2 as HER active sites. 

 

Figure 6.17 (a) The schematic diagram of the liquid templating method for mesoporous 

MoS2 (b) and in-situ structural transformation during HER. 
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7 CONCLUSION 

In this thesis, the soft templating strategy was developed and optimized to fabricate 

the mesoporous thin films for water reduction and oxidation.  

The lyotropic liquid crystalline templating method was modified by the inclusion of 

sulfur precursor for obtaining mesoporous metal sulfides. It has been found that the 

lyotropic liquid crystalline mesophase of nickel nitrate salt with CTAB and C12EO10 can 

uptake the thiourea intact up to twice the mole of nickel salt. The composition and phase 

of mesoporous nickel sulfides was dependent on the annealing temperature and the mole 

ratio of precursors of Ni and S. The low annealing temperature of mesophase (<200 oC) 

result in the formation of mesoporous pyrite NiS2 thin-film electrodes with ultra-thin pore 

walls and high surface area. The surfactant was easily removed by washing it in water. 

Further annealing mesoporous NiS2 (>300 OC) transformed into mesoporous NiS. The 

decomposition of surfactants into carboneous materials creates mesopores. Decreasing 

sulfur precursor content and annealing at high temperatures produce NiS7, Ni3S2 and 

mixed of them with NiS phase according to Ni/S content. 

HER activities of mesoporous nickel sulfides were investigated for in both acidic and 

alkaline electrolyte. It has been found that nickel sulfides in acidic media undergoes 

instant dissolution and show the short-term HER activities. In addition, we reveal that 

nickel sulfides electrolyte under HER conditions in alkaline are electrochemically 

reduced. We compared the compositional changes under negative bias and related HER 

activities of mesoporous NiS2 with other NiS2 previously reported in the literature. The 

mesoporous NiS2 displays superior HER activity in alkaline media after a preconditioning 

step that results in sulfur leaching, amorphization of the surface and collapse of the 

mesoporous structure. However, non-mesoporous NiS2 structures ultimately reduces to 

metallic nickel, yielding a low HER activity. 

Mesoporous nickel sulfides are also not stable in alkaline media for OER. They are 

converted to non-porous Ni(OH)2 under anodic bias. We applied the lyotropic liquid 

crystalline strategy to fabricate mesoporous iron nickel oxide thin films for OER. We 

tuned the phase, composition, crystallinity of mesoporous iron nickel oxide. The trace 

content of iron yields mesoporous Fe-doped NiO and higher content of Fe promotes the 

formation NiFe2O4. We examined the OER activities of various phase and composition 
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of mesoporous iron nickel oxide, including neat NiO and Fe2O3. The OER activity trend 

follows NiFeOx > NiFe2O4 > NiO > Fe2O3. 

A facile one-step soft templating method was developed to synthesize mesoporous 

molybdenum sulfide-oxide composite thin-film electrocatalysts directly on any substrate 

without using a binder or a template. Fabricated electrocatalysts contain amorphous MoS3 

and small crystallite-sized MoS2 embedded into amorphous MoO3 with a large surface 

area (around 182 m2/g). The electrocatalyst layer undergoes in-situ electrochemical 

activation in which amorphous MoS3 is reduced to MoS2 during HER in acidic media. 

The electrocatalyst layer on the carbon fiber exhibits a low overpotential (∼189 mV at 10 

mA/cm2) and Tafel slope (53 mV/dec.) towards HER after electrochemical activation. 

In summary, we developed a facile one-step soft templating method to fabricate 

several electrocatalysts directly on any substrate without using a binder or a template for 

electrolyzers operating in both alkaline and acidic electrolytes. As future works; 

- Mesoporous iron nickel oxide thin-film electrocatalysts further may be improved 

by doping with other transition metals such as Co, Mn and etc.  

- Mesoporous molybdenum sulfide-oxide composite thin-film electrocatalysts 

further may be improved by doping with high valance atoms (W) and depositing 

on high surface are carbon support. 
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