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ABSTRACT 

Water splitting is a promising process to convert water to hydrogen energy and 

other chemicals via renewable energy, in which two half-cell reactions, i.e., oxygen 

evolution reactions (OER) and hydrogen evolution reactions (HER), occur 

simultaneously. Comparing with the two-electron transfer reaction of HER, the OER is a 

four-electron transfer reaction, which is more kinetically sluggish. Therefore, the OER 

always governs the overall electrochemical water splitting efficiency. To date, Iridium 

dioxide (IrO2) and ruthenium dioxide (RuO2) is state-of-the-art OER electrocatalysts with 

low overpotential and Tafel slope while platinum (Pt) and Pt-based alloys are the state-

of-the-art HER electrocatalysts. However, their scarcity and high price limit their 

industrial applications. This study focuses on developing earth-abundant and low-cost 

transition metal-based nanostructured electrocatalysts for highly efficient and durable 

water splitting over a wide pH range.   

Firstly, Ni-Fe layer double hydroxide (LDH) based OER electrocatalysts were 

developed. To improve the OER performance, NiO@NiFe-LDH electrocatalysts with a 

core@shell structure were decorated on a three-dimensional (3D) mesoporous nickel 

foam (NF) by a two-step hydrothermal synthesis process followed by and a calcination 

step. Due to the 3D rational configuration with highly active sites, the obtained composite 

electrode showed high performance for OER, which needed a low apparent overpotential 

of 265 mV to afford the standard current density of 10 mA cm–2. In addition, the 

NiO@NiFe-LDH coated electrode was further treated in an organic solution via 

ultrasound for in situ intercalations of the NiFe-LDH to provide larger channels for ion 

transportation and gas diffusion. As a result, the charge transition resistance was 

obviously reduced and the apparent activity, as well as the long-term stability, were 

improved. The optimized NiO@NiFe-LDH composite exhibited excellent long-term 

stability in 50 h even at high current densities of 50 and 100 mA cm–2, and meanwhile, 

the required apparent overpotential of OER for sustaining the standard current density (10 

mA cm–2) was reduced from 265 to 210 mV. 

Secondly, to develop HER electrocatalysts with high efficiency, long-term 

stability, and low-cost for the large-scale and effective application of renewable energy, a 

binder-free NiCoP-carbon nanocomposite (denoted as NiCoP-C(TPA)) film with unique 
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nanostructure was successfully coated on the electrode for the first time by deposition of 

a terephthalic acid-induced NiCo bimetallic compound precursor film on the NF with a 

hydrothermal synthesis method followed by a calcination process in Ar atmosphere and 

continuous phosphorization treatment with NaH2PO2. In the obtained NiCoP-C(TPA) 

electrocatalyst, bimetallic phosphide nanoparticles were well combined with graphite 

carbon. It is found that the bimetallic NiCo alloy was also formed in the carbonization 

process, which affected the performance of the final catalyst. As a result, the NiCoP-

C(TPA) electrocatalyst had much higher activity than the monometallic phosphides of 

NiP-C(TPA)/NF and CoP-C(TPA)/NF, and the NiCoP-C(TPA)/NF electrode exhibited an 

overpotential as low as 78 mV at the standard current density of 10 mA cm-2 with a small 

Tafel slope of 73.4 mV dec-1, a faradic efficiency of ~ 94% and long-term stability at high 

current density in the alkaline electrolyte. Meanwhile, the NiCoP-C(TPA)/NF electrode 

also exhibited superior HER performance in the acidic electrolyte with an overpotential 

of 94 mV@10 mA cm-2, a Tafel slope of 81.1 mV dec-1, and long-term stability although 

a relatively high overpotential of 248 mV@10 mA cm-2 with a high Tafel slope of 112.5 

mV dec-1 was obtained in the neutral electrolyte. It is expected to provide a novel 

synthesis method by using organic solid acid to derive high-performance bimetallic 

phosphide-based electrocatalysts with special nanostructure for HER in the water-

splitting process. 

Lastly, the bifunctional electrocatalysts for the overall water splitting were 

developed, in which combining oxides with bimetallic elements was considered as an 

efficient route to modify the electronic distribution for improving the intrinsic activity of 

electrocatalysts, and further engineering the defect structure and adjusting the valence 

state could provide more adsorption sites as well as active sites for the decomposition of 

the reactants and/or intermediates. NiMnOx nanosheets with rich defects were 

electrochemically deposited on the surface of Cu(OH)2 nanowires followed by a thermal 

treatment process to form a CuOx nanowires @NiMnOx nanosheets (CuOx 

NWs@NiMnOx NSs) electrocatalyst with core-shell configuration. Structure 

characterizations indicated that NiMnOx nanosheet had numerous vacancies with 

scattered defects and dislocations with partial cracking of the inert basal planes, resulting 

in extra active edge sites and coordination-unsaturated spinel crystal. As such, the valence 

states of Ni and Mn elements became unstable in the defect-modified NiMnOx materials 
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under the applied potential. Comparing with the initial NiMnOx, more Ni3+ and Mn4+ were 

formed during the oxygen evolution reaction (OER) whereas they were converted to Ni2+ 

and Mn3+ during the hydrogen evolution reaction (HER). These controllable valence state 

changes of metal elements endowed the NiMnOx to have a high ability for catalyzing 

overall water electrolysis. As a result, the CuOx NWs@NiMnOx NSs bifunctional 

electrocatalysts exhibited high performances in both HER and OER in alkaline 

electrolytes. Meanwhile, by using the same electrocatalysts in the neutral electrolyte, the 

overpotentials@10 mA cm-2 was also as low as 80.7 and 390 mV with Tafel slopes of 

77.6 and 101.6 mV dce-1 for HER and OER, respectively. A two-electrode overall water 

electrolysis system using this bifunctional electrocatalyst exhibited low cell voltages of 

1.62 and 1.75V in the alkaline and neutral electrolytes respectively at the standard current 

density of 10 mA cm-2 with long-term stability, indicating that this CuOx NWs@NiMnOx 

NSs core@shell-type material should be an effective bifunctional electrocatalyst in both 

alkaline and neutral pH media. 
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CHAPTER 1 Introduction 

Nowadays, electrochemical water splitting is an attractive and environmentally friendly 

way for pure hydrogen production. It is also a good way for renewable energy storage by 

converting unstable renewable energy such as solar, wind, and tidal energy to stable 

hydrogen energy. Many researchers have tried to improve the performance of water 

electrolyzer and develop novel electrochemical water splitting methods. Electrocatalysts 

always exhibit high activity in either strong acid solutions or alkaline solutions but low 

activity in neutral solutions due to high resistence[1, 2]. For different electrolytes, 

different electrode reactions occur: 

In acid solution: 

Anode ∶ 2H2O(l)  → 4H+(aq) + 4e− +  O2(g)                                                             (1) 

Cathode ∶ 4H+(aq) + 4e− →  2H2(g)                                                                           (2) 

In alkaline and neutral: 

Anode ∶ 4OH−(aq)  →  2H2O(l) +  4e− +  2O2(g)                                                      (3) 

Cathode ∶  4e− + 4H2O (l)  →  4OH−(aq) + 2H2(g)                                                (4) 

Moreover, the factors to affect the performances of electrode materials for water 

electrolysis include activation energy, gas bubble generation, and diffusion, ion diffusion 

in the electrolyte, electrolyte concentration, electrolyte/electrode interface resistance and 

internal resistance, and so on. The overpotential (η) at the standard current density of 10 

mA cm-2 is generally used to evaluate the performance of electrocatalysts. The lower 

overpotential means lower energy loss during the water splitting. Moreover, it should be 

considered the anode and cathode performances together for a water electrolyzer. Thus,  

a combination of hydrogen evolution reaction (HER) and oxygen evolution reaction 

(OER) activity is important for the device design[3]. In addition, recent research also 

focuses on the development of electrocatalysts which can work in a wide pH range to 

reduce the effect of corrosion in the strong acid and alkaline solutions[4, 5]. However, 

some of the non-noble metal electrocatalysts are highly active in strong acid, but inactive 

in the alkaline electrolytes. It is still an important issue to develop high-performance 
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electrocatalysts for such a purpose.  Recently, the fabrication of bifunctional (HER and 

OER) electrocatalysts for the overall water splitting becomes one of the hot topics since 

using a single bifunctional HER–OER electrocatalysts can simplify the overall system 

design and lower the cost[6].  

To date, the benchmark electrocatalysts are still the Pt-based material for HER 

and Ir/Ru-based materials for OER[2, 7]. Recently, various non-precious but highly 

efficient catalysts such as transition metal carbides, sulfides, and phosphides (for HER), 

and transition metal oxide and hydroxide (for OER) have been developed as alternatives 

for the precious metal-based catalysts. Ideally, water splitting electrocatalysts should be 

set for both HER and OER reactions in the same pH condition[8]. However, since many 

electrocatalysts have high activity in the acid electrolyte but low activity or instability in 

the alkaline electrolyte and especially in the neutral electrolyte, or can work for the HER 

but are not good for the OER, it is a challenge to develop bifunctional electrocatalysts 

working at a wide pH range and even in seawater [8,9]. Thus, it is important to understand 

the catalysis mechanisms in various conditions for the development of such almighty 

catalysts.  

  

1.1 THEORETICAL OF HYDROGEN EVOLUTION 

The cathodic reaction in the electrochemical water splitting via two-electron transfer 

reaction is HER.  The HER can be performed in different pH electrolytes based on either 

the Volmer–Heyrovsky or Volmer–Tafel mechanisms[10, 11]: 

Volmer reaction is the combination of proton and surface of catalysts via electrochemical 

hydrogen atom adsorption.  

In acidic electrolyte: 

H+ + M +  e−  → MHads                                                                                                (5) 

In alkaline electrolyte: 

H2O + M +  e−  →  MHads +  OH−                                                                                (6) 

Heyrovsky reaction is electrochemical desorption between hydrogen atom with proton 

and electron.   
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In acidic electrolyte: 

MHads + H+ +  e−  → M +  H2                                                                                     (7)              

In alkaline electrolyte: 

MHads + H2O + e−  → M +  OH− +  H2                                                                       (8) 

Tafel reaction is a chemical of hydrogen desorption to produce a hydrogen molecule. 

2MHads  → 2M +  H2                                                                                                     (9) 

Ideally, the Tafel slope is used to describe the rate-limiting step of HER as follows: 

Heyrovsky reaction ~40 mVdec-1, Tafel reaction ~30 mV dce-1, and Volmer reaction ~120 

mV dce-1. Herein, the structure of electrocatalysts, the applied potential, and the mass 

transfer could affect the Tafel slope [12, 13]. 

1.2 THEORETICAL OF OXYGEN EVOLUTION 

The anodic reaction in electrochemical water splitting is OER. The thermodynamic 

potential for OER (under the standard condition) is 1.23 V (E0). The reaction of OER can 

be determined by the adsorption of OH- and O species on the surface of catalysts in the 

alkaline electrolyte[14-17], which include the following steps: 

OH− + ∗ →  OHads +  e−                                                                                              (10) 

OHads  +  OH−  →  Oads +  H2O + e−                                                                        (11) 

Oads + Oads →  O2                                                                                                             (12) 

Oads +  OH−  →  OOHads + e−                                                                                    (13) 

OOHads +  OH−  →  O2 + H2O +  e−                                                                          (14) 

where the active site of catalyst is “*” and “ads” is adsorption on the surface of catalyst. 

The O2 production occurs by two pathways. One is directly from the reaction (12). The 

other follows by the reaction of Oads with OH- (eq. 13) with the subsequent combining 

with OH- (eq. 14).  In addition, a neutral pH electrolyte is obtained by:  
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H2O(l)  ↔  H+(aq) +  OH−(aq)                                                                                  (15) 

Herein, the adsorption of Oads, OHads and OOHads depends on the Gibbs free energies. The 

free energy of proton can be calculated by Nernst equation: ∆GH + (pH) = -kB - Tln(10) × 

pH. In the acidic electrolyte, the OER can occur as follows:  

2H2O + ∗ →  OHads +  H2O +  e− + H+                                                                     (16) 

OHads +  H2O →  Oads + H2O +  e− + H+                                                                (17) 

Oads +  H2O →  OOHads +  e− + H+                                                                         (18) 

OOHads  →  O2 + e− +  H−                                                                                         (19) 

Although the OER mechanisms are differently demonstrated in alkaline and acid 

electrolytes, OHads and Oads intermediates always involve in the OER process so that 

△GO- △GOH can be used as the descriptor for OER electrocatalysts. To date, the 

electrocatalysts for OER are generally metal oxides, and the volcano plots for it have been 

also constructed by △GO- △GOH for a wide variety of metal oxide surfaces including 

rutile, perovskite, spinel, rock salt, and bixbyite oxides. From Figure 1.1B on the plot of 

Gibbs free energy of reactive species and intermediates of the OER versus the reaction 

coordinate. The blue lines and red lines indicate the energetics of a real catalyst and an 

ideal catalyst, respectively, at three different electrode potentials. Dashed lines indicate 

energetics at the electrode potential where all thermochemical barriers disappear (denote 

as “thermochemical overpotential”); ΔG is the free reaction energy of the two elementary 

reaction steps[18]. The red ideal case corresponds to a catalyst with the overpotential. 

Herein, the overpotential is restrictive by the maximum charge of Gibbs-free chemical 

adsorbed energy. In addition, the theoretical overpotential of OER can be described by 

the following equation[19]: 

𝜂 = max [∆𝐺1, ∆𝐺2 , ∆𝐺3, ∆𝐺4]/𝑒 − 1.23[𝑉]                                                               (20) 

One can see that the experimental overpotentials at 1 mA cm-2 for some electrocatalysts 

are agreement well to the theoretical overpotential volcano when plotted against this 

simple descriptor.  
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Figure 1.1 (A) OER mechanism for alkaline (red line) and acidic (green line) conditions. 

The black line indicates that the OER involves the formation of a peroxide (M–OH) 

intermediate, while the light blue line indicates the direct reaction of two adjacent oxo 

(M–O intermediates to produce oxygen[17]. (B) The plot of Gibbs free energy of reactive 

species and intermediates (horizontal lines) of the oxygen evolution reaction (OER) 

versus the reaction coordinate[18]. 

1.3 THEORETICAL OF OVERALL WATER SPLITTING 

Bifunctional electrocatalysts can catalyze both HER and OER for the overall water 

splitting in the same electrolyte solution. By using efficient bifunctional earth-abundant 

electrocatalysts could reduce the economic problem to some extent. Theoretically, the 

thermodynamic voltage of water splitting is 1.23 V at 25ºC and 1 atm[20, 21]. The 

reactions in the acidic electrolytes are also different from those in the neutral and alkaline 

electrolytes. 

In the acidic electrolyte, 

Cathode: 2H+ +  2e−  →  H2                                                                                       (21) 

Anode: H2O →  2H+ +  1/2O2 + 2e−                                                                        (22) 

In the neutral and alkaline electrolytes, 

Cathode: 2H2O + 2e−  →  H2 +  2OH−                                                                      (23) 

Anode: 2OH−  →  H2O +  1/2O2 +  2e−                                                                     (24) 
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However, total reaction in any electrolytes should be the same: 

H2O →  H2 + 1/2O2 (E0 =  −1.23V)                                                                        (25) 

The overpotential is related to the performance’s cathode, anode, and the resistance 

between the electrodes. The reaction of water splitting is dependent on the cathodic (ηc) 

and anodic(ηa) overpotentials at the steady-state current density. Additionally, the 

resistance (ηother) is also related to the design of the electrolysis cell. The practical 

operational voltage (Eop) for the overall water splitting can be represented by the 

following equation: 

Eop = 1.23 + ηa +  ηc +  ηother                                                                                  (26) 

Tafel slope (b) can be used to explain the mechanism of electrode reaction, which can be 

determined via the overpotential (η) and logarithmically of the current density (j) as 

indicated by the following Tafel equation (η > 0.05V): 

η = a + b log(j)                                                                                                            (27) 

Herein, when η = 0, the obtained current density is called exchange current density (j0), 

which represents the intrinsic activity of the electrode material under the equilibrium state. 

High j0 with a small Tafel slope indicates high activity. In addition, the overpotential 

record at the standard current density of 10 mA cm-2 (the efficiency of solar water splitting 

device is ~12.3% at 10 mA cm-2) is generally used to evaluate the performance of the 

electrodes. 

1.4 ELECTROCATALYSTS FOR WATER SPLITTING 

1.4.1 Electrocatalysts for HER 

Noble metal catalysts, especially platinum group metals (PGMs) such as Pt, Ru, Ir, Rh, 

and Pd are highly active for HER. Among them, Pt is one of the most active catalysts for 

HER in both acidic and alkaline electrolytes. Since the high cost of Pt needs to be 

considered, many efforts have been carried out for the development of nanostructured 

PGMs with controllable sizes and shapes to improve their electrocatalytic 

performance[22]. It is reported that the surface [1 1 0] of Pt crystal has higher activity 

than the surfaces of [ 1 1 1] and [1 0 0] [23]. Therefore, it is important to create more 
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active surfaces of the Pt crystal could enhance the catalytic activity. Meanwhile, alloying 

PGMs with other metals can also increase site-specific activity. Moreover, the advantages 

of alloying of PGMs with other metals could: (i) reduce the cost of catalysts and (ii) 

increase the activity. However, to decrease the cost of PGMs, as summarized in the 

following, many alternative non-noble catalysts such as transition metal oxides, transition 

metal carbides, metal sulfides, selenides, phosphide and metal free catalysts have beem 

developed [24-26].  

1.4.1.1 Transition metal Ni-based catalysts 

To date, earth-abundant transition metals (TMs) such as Ni, Co, Fe, Mo, W, and Cu have 

been widely tested as electrocatalysts for HER. Ni-based catalysts are the most widely 

used ones due to their high conductivity, chemical stability, and low cost. The pristine Ni 

atom is active in the form of oxidation states like NiO, which showed superior HER 

performance[27], and the Ni/NiO catalysts (Fig. 1.2) have been considered for HER in 

the industrial-scale alkaline water splitting device[28]. Moreover, as the Ni is combined 

with other metals such as Cu and Mo, the obtained Ni-Cu alloys and Ni-Mo alloys 

exhibited the promoted HER kinetics in the alkaline electrolyte. Ni can be also combined 

with other noble and non-noble metals 

 

Figure 1.2 Schematic illustration of alkaline HER on Ni-based catalyst.[29] 
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Nickel-Platinum alloys catalyst: Pt always shows outstanding efficiency for hydrogen 

generation via the chemisorption on the surface. However, it is expensive and rare. 

Combing Pt with Ni to fabricate Pt -Ni-based catalyst is an alternative to solve this issue. 

For example, to enhance the surface activity of Ni-based electrocatalysts, Pt particles 

were deposited on three-dimensional (3D) porous nickel by an electrodeposition method, 

which showed a high exchange current density of 9.47 mA cm-2, a low overpotential of 

45 mV, and a small impedance resistence[30]. Meanwhile, a Ni-Pt thin film was 

fabricated via an electrodeposition way with a micelle-assistance process. As a result, the 

Ni-Pt thin film with 5 at% Pt showed good performance for HER. However, the leaching 

occurred after the stability test due to corrosion[31].  Moreover, it is found that the 

fabrication of oxides-hydroxides on the Pt-Ni-based catalysts can assist to break the HO-

H bond and promote the desorbing of OH- groups[32]. Chen et al. designed nano-sized 

Pt/NiO@Ni/NF electrocatalysts, in which a NiO layer was combined. The obtained 

electrocatalysts coated electrode with a low Pt loading (0.1 mg cm-2) required ultra-low 

overpotential of 34 mV at the standard current density of 10 mA cm-2 and a low Tafel 

slope pf 39 mV dec-1, which is even lower than that of the commercial Pt/C coated one. 

Herein, because of the effect of active sites for the H2 desorption, the combination of Pt 

nanocluster and NiO layer greatly promoted the utilization efficiency of Pt, providing 

more active sites definitely reachable to the reactants[33]. Feng et al. [34] synthesized 

Pt/NiS@Al2O3 electrode via a four-step preparation process. Firstly, fabrication of a 

flower-like Ni2Al(CO3)2(OH)3 nanosheets with a hetero-nanostructure by a hydrothermal 

method. Then, a sulfurization under H2 atmosphere was performed to obtain a NiS@ 

Al2O3 electrode, in which the NiS nanoparticles were covered on the Al2O3 nanosheets 

with a hetero-interface. Thereafter, the electrode was soaked in an acidic solution to 

produce the porous γ-Al2O3 nanosheets, and finally, Pt was doped to improve 

electrocatalytic activity and atomic efficiency. As a result, the obtained Pt/NiS@Al2O3 

catalyst showed a very low overpotential of 34 mV@10 mA cm-2 with a small Tafel slope 

of 35 mV dec-1. Herein, it is found that the loading of Pt led to a low onset overpotential 

via a high redox reaction. Moreover, the layer of the well-dispersed γ-Al2O3 nanosheets 

also improved HER performance and increased the specific surface area[34]. Guan et al. 

fabricated Pt atom doped Ganoderma-like MoS2/NiS2 with a heterostructure. Herein, the 

strong interaction between NiS2 and MoS2 resulted in a high conductivity while the 
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surface area activity was greatly increased by the doping of  Pt atoms. The nanostructured 

Pt@MoS2/NiS2 electrocatalyst with 1.8 at% Pt exhibited ultralow overpotential of 34 mV 

with a Tafel slope of 40 mV dec-1. In addition, a long-term duration stability (< 5% drop 

of performance) was also achieved[35].  

Nickel-based bi/tri-metal alloys catalysts: Transition metal oxides (TMOs) such as NiO, 

CoOx, and MnO2 have low toxicity, low cost, and high catalytic performance. Xing et al. 

[36] fabricated nickel hydroxide@nickel film on the carbon cloth (CC) substrate 

(Ni(OH)2@Ni/CC) via a two-step electrodeposition method. Due to the synergistic effect 

of Ni(OH)2 nanosheets and Ni nanoparticles, a cell voltage of 1.58 V@10 mA cm-2 with 

excellent long-term stability for overall water splitting was achieved. Zhao et al.[29] 

designed bi-component nanocrystal of Ni/NiO on the electrode with a hetero-surface 

structure, which showed high efficient and stable activity toward HER in the alkaline 

solution. Based on the DFT calculations, it is found that NiO had an outstanding low 

energy barrier for the decomposition of H2O into Had and OHads while H2 molecule can 

be generated on the Ni surface. Bimetal alloys based on Ni metal corporating with other 

metals (Ni-M (M is Fe, Co, Mn, or Mo)) also exhibited outstanding high performance for 

HER. For example, Chen et al.[37] successfully obtained a self-templated MoNi4 

nanocrystal and MoO3-x coated Ni foam via a one-step solvothermal method, in which 

Ni2+ was generated on Ni foam by mild acid solution treatment and then combined with 

Mo to grow the MoNi4/MoO3-x on the Ni foam. The optimum catalysts exhibited an 

ultralow overpotential of 17 mV@10 mA cm-2 and a low overpotential 114 mV at the 

extremely high current density of 500 mA cm-2. Moreover, the MoNi4/MoO3-x electrode 

can serve as the bifunctional electrocatalysts with a cell voltage 1.6 V at 30 mA cm-2 for 

overall water splitting. The Mn species has various forms of oxidation state. It is reported 

that the Mn3O4 can provide highly active sites for the splitting of H2O molecules [38].  Li 

et al.[38] coated Ni-Mn3O4 nanocomposites on Ni foam substrate via a hydrothermal 

process, which exhibited high electrocatalytic performance for the generation of H2 at a 

low overpotential of 91 mV@10 mA cm-2 in the alkaline condition with long-term 

stability. The NiCo mixed oxide is another good electrocatalysts with high 

electroconductivity and redox properties. Wei and coworker [39] fabricated the oxygen-

deficient NiCo2O4 on the carbon paper (CP) via a hydrothermal process followed by the 

calcination in Ar atmosphere. The morphology od NiCo2O4 showed well-defined 

mailto:Pt@MoS2/NiS2%20electrocatalyst%20with%201.8
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nanowire arrays with full covering on the CP substrate. The NiCo2O4 electrocatalyst 

exhibited highly electrocatalytic activity with a low overpotential, long duration stability 

and 99% of Faradaic efficiency due to the reducing adsorption of H2O molecules by the 

oxygen vacancies. 

Nickel-based Phosphide catalysts: Metal phosphide is another type of electrocatalysts 

with high performance for HER with low overpotential. Ni-based phosphides have been 

widely investigated and metal mixed phosphides always exhibited higher activity than 

single metal phosphides. Moreover, the different facets could show different surface 

energies, thereby exhibiting different performances. For example, for the NiCo mixed 

phosphides (NiCoP), the durability of HER activity based on the surface energy followed 

the order of NiCoP (111) > NiCoP (001)-CoP-t > NiCoP (100) > NiCoP (001)-NiP-t based 

on the ∆Gad (NiCoP facets are shown in Figure 1.3). The NiCoP (111) facet exhibited the 

highest activity for HER at 1 atm[40]. Thus, the NiCoP electrocatalyst with different 

morphologies showed different HER activities[41]. Liu et al.[42] fabricated oxygen 

doped porous NiCoP nanowires on Ni foam, and found that the H-NiCoP NWAs/NF had 

a high activity for HER with fast charge transfer and long-term stability in the neutral and 

alkaline solutions. Especially, it exhibited an overpotential as low as 51 mV@10 mA cm-

2 with a Tafel slope of 79.2 mV dec-1 in the neutral electrolyte. Herein, the hydrogen atom 

binding energy on Co and P sites greatly enhanced HER activity. Ma and coworker[43] 

reported nanocube-like 3D-NiCoP electrocatalysts prepared by a hydrothermal method 

followed with a phosphorization process, which displayed high performance with a low 

overpotential as well as low Tafel slope and good stability in the acidic and alkaline 

solutions. Cai et al.[44] also synthesized NiCoP/NF electrocatalyst for HER by a three-

step process, which showed a whisker nanowire structure on the nanosheet with high 

surface area activity. Zhang et al.[45] constructed a hallow-on-hallow NiCoP 

nanostructure (HiHo-NiCoP) using a MOF template, in which the synthesis started by 

using ZIF-67 nanopolyhedrons to induce the formation of layer double hydroxide (LDH), 

leading to a yolk-shell structure (ZIF-67@NiCo-LDH nanopolyhedrons), and then 

carbonization of organic ligands of ZIF-67 was performed to form carbon species in it 

and finally the  HiHo-NiCoP electrode was obtained by a phosphorization process. This 

catalyst exhibited high efficiency toward HER with increased surface activity and 

superior mechanical robustness to reduce the corrosion even in the strong pH electrolyte 
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solution. 

 

Figure 1.3 The NiCoP facets: (A) (111); (B) (100); (C) (001)- NiP-t; and (D) (001)-CoP-

t.[41]  

1.4.2 Electrocatalysts for oxygen evolution reaction 

Oxygen evolution reaction (OER) is a complex four-electron oxidation process. The Ir 

and Ru-based catalysts are the benchmark ones for OER with an activity order of IrO2 << 

RuO2 < Ir << Ru. Due to their high-cost and rareness, transition metal-based catalysts Ni, 

Co, and Mn-based ones are now widely investigated as alternatives. Tuning the catalyst 

nanostructure for the improvement of the catalysis performance has become the main way 

for such OER catalysts area[21].   
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1.4.2.1 Transition metal-based catalysts for OER 

 

Figure 1.4 (A) Bode’s diagram for Ni(OH)2–NiOOH redox transformations.[46] (B) 

Sabatier-type volcano plots for Ni-based oxyhydroxide sites doped with transition 

metals.[47]  (C) Scheme of LDH structure.[48] (D) Intercalation/exfoliation LDH.[49] 

Ni-based catalysts: Nickel-oxides and Ni-(oxy) hydroxides (e.g., NiOx, Ni(OH)2, and 

NiOOH) have been widely used for OER. Bode's diagram (Figure 1.4A) is generally 

adopted to illustrate the Ni-based redox transformations, in which γ-NiOOH can be 

changed to β-NiOOH and β-NiOOH could be more active for OER. To enhance the OER 

catalytic activity, design unique morphology with a special nanostructure is important for 

the increase of surface area activity, and shortens the pathway for mass diffusion and 

charge transfer. Babar and coworkers[50] fabricated a self-supported 3D NiO on NF via 

a thermal oxidation method, which exhibited an overpotential of 310 mV@10 mA cm-2 

with a Tafel slope of 54 mV dec-1 and excellent long-term stability for OER.  Jin and 

coworkers [51] illustrated the synergistic function of Mo- and Fe- modified 

Ni(OH)2/NiOOH catalyst. The modified catalysts outperformed low overpotential and 

long-term stability even at high current density. Based on the DFT calculations, it is found 

that the modified NiOOH had increased adsorption ability and enhanced interaction 

strength with Oad for OER. Besides, the combination of Ni with other metals such as Fe 
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also resulted in superior OER activity (Figure 1.4B). Li et al.[52] established NiFe oxide 

on the Ni foam substrate by a hydrothermal method. The optimum NiFe oxide electrode 

of Ni0.77Fe0.23 had a flower-like nanosheet structure, which exhibited the lowest 

overpotential of 225 mV in an alkaline electrolyte with enhanced kinetic activity. Recently, 

the Ni-Mn based bimetallic oxides were also investigated for OER. Mn species have 

various oxidation states such as Mn2+, Mn3+, and Mn4+, in which the Mn3+ has a higher 

activity for OER.  He et al.[53] reported Ni and Mn oxide-based bifunctional 

electrocatalysts for OER and ORR, and found that NiMnO3/NiMn2O4 hybrid oxides 

showed the lowest overpotential of 380 mV with a smallest Tafel slope, which was much 

better than the single oxides since more active sites were generated in the mixed oxide-

based in the turn over frequency (TOF) analyses. Qin et al.[54] coupled Ni-NiMn2O4 with 

N-dope carbon nanotube (NCNT/Ni-NiMn2O4/Ni foam) on the electrode by a 

hydrothermal treatment under Ar/NH3 atmosphere, which exhibited a low overpotential 

of 300 mV in 1 M KOH solution with long-term stability.  

Layered double hydroxide-based catalysts for OER: In the crystal structure of layered 

double hydroxide (LDH), the transition metal species situated in the center of the layered-

stacking octahedron crystal structure with the oxygen as MO6. The two-dimensional 

octahedron crystal structure of LDHs can be expressed as a chemical formula of [M1-

x
2+Mx

3+(OH)2]
x+[Ax/n]n·mH2O, where metal divalent cations (M2+ as  Co2+, Ni2+, Mn2+, 

Fe2+) and metal trivalent cations (M3+ as Fe3+, Mn3+) are compensated by the solvate 

anions of  An-. In general, the bonding of MO6 in the bulk LDHs with low electron transfer 

ability could interrupt the OH- anion to adsorb O atom of surface for the formation of -

OOH species (Figure 1.4C)[48, 55]. The bulk LDH catalysts always have low 

conductivity as well as ion transmission rate to limit OER activity. To solve these issues, 

the interlayer spacing and crystal size can be tuned. It is found that the binary transition 

metal NiFe-LDH exhibited higher activity than NiCo and CoCo LDHs[56]. Lu et al.[57] 

prepared NiFe-LDH nanoplates on the skeleton of Ni foam (NiFe-LDH NPs/NF), in 

which the Ni(OH)2-NiOOH redox couple has cooperated with the Fe(III) ions. It 

exhibited an overpotential as low as 230 mV. Li et al.[49] in-situ intercalated NiFe LDH 

based electrocatalysts on the electrode(Figure 1.4D) by an ultrasonic method so that the 

overpotential decreased up to 210 mV. Lu and coworkers[58] synthesized ternary 

NiFeMn-LDHs with a flower-like structure uniformly coated on the carbon paper 
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substrate. Herein, Mn4+ doping on NiFe LDH increased the electrochemical double-layer 

capacitance (Cdl), which is related to the electrochemical surface area active (ECSA). 

Moreover, the extraordinary structure and the synergistic effect of three metal species 

promoted catalytic activity, conductivity, and charge transfer. Meanwhile, Sasaki group 

[59] studied the synergistic function of Ni and Mn species in the NiMn LDH nanoplatelets 

supported on graphene oxide (GO/rGO), in which the interlayer space of LDH was 

expanded by chloride anions (Cl-). This catalyst exhibited high activity with a low 

overpotential of 260 mV and increased electro-conductivity. Jia et al.[60] also fabricated 

binary Ni5Mn LDH/MWCNT hybrid electrode by a chemical bath deposition method, in 

which Ni5Mn LDH covered MWCNT very well. They considered that the binary metal 

hydroxide coupling with carbon-based materials can result in outstanding catalytic 

activity (η10 = 350 mV) due to the fast electron transfer to the substrate.  

1.4.3 Bifunctional electrocatalysts for overall water splitting 

1.4.3.1 Transition metal Ni-based compounds 

Ni-based electrodes with various Ni compound forms such as oxide, hydroxide, 

phosphide, sulfide, and carbide have been found to have either high HER or OER 

performances. Thus, they can be used as the bifunctional electrodes for the overall water 

splitting. 

Ni-oxide based catalysts: Hybriding of nickel-oxide and nickel hydroxide materials 

could assist the ion transfer balance between them. Zhang et al.[61] designed a 

bifunctional Ni-based electrocatalyst by loading Ni5Fe LDH on Ni foam, and found that 

an ultrathin layer of Ni5Fe LDH with large space can enhance the electron transfer, and 

when it was applied in a two-electrode system with alkaline electrolyte, a cell voltage of 

1.59V@10 mA/cm2 was achieved for the water electrolysis.  
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Figure 1.5 Schematic illustration of bifunctional electrocatalyst for overall water splitting. 

Bifunctional ternary metal composite electrocatalysts were also synthesized for the 

overall water splitting. Qin et al. [62] synthesized NiFeMo trimetallic thin film on Ni 

foam via a hydrothermal process followed by annealing, which showed high activities in 

either HER (ƞ10 = 45 mV) or OER (ƞ10 = 238 mV). When it was applied in a two-electrode 

system NiFeMo(-)||NiFeMo(+) with an alkaline solution, a low cell voltage of 1.45V@10 

mA/cm2 was achieved. Meanwhile, combining two or more composites could also 

improve the performance of electrodes for overall water splitting. Wang et al.[63] grew 

NiFe LDH ultrathin sheets on the NiCo2O4 nanowires by a two-step hydrothermal 

synthesis process, which displayed excellent catalytic activities for HER and OER, and a 

cell voltage of 1.6 V@10 mA/cm2 was obtained when it was used on a two-electrode 

water electrolyzer. Gong et al.[64] prepared grass mat-like NiCo2O4 

nanowires@CoMoO4 nanosheets on Ni foam substrate by a hydrothermal method with a 

further annealing process, which presented overpotentials of 121 mV for HER and 265 

mV for OER in the alkaline condition and resulted in a cell voltage of 1.55V@10 mA/cm2 

when it was used on a two-electrode water electrolyzer.  

Recently, the researches on the bifunctional electrocatalysts working in neutral pH 
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media conditions are increasing. Liu et al.[65] fabricated sulfur-incorporated nickel 

ferrite ultra-small nanoparticle built nanosheets vertically grown on Ni foam (S-

NiFe2O4/NF) by co-deposition of Ni2+ and Fe3+ ions followed the annealing under Ar 

atmosphere, in which the sulfur doping increased the conductivity and the nanosheet 

structure provided more active sites for HER and OER. This bifunctional electrocatalyst 

showed high activity in a wide pH range with cell voltages of 1.65 and 1.95V@10 

mA/cm2 in the alkaline and neutral electrolytes, respectively. Tao et al.[66] designed a 

new bifunctional electrocatalyst by combining nickel cobaltite telluride (NiCo2Te4) 

nanoclusters with perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA). The obtained 

NiCo2Te4/PTCDA electrocatalysts exhibited extremely high efficiency for HER and OER 

with overpotentials of 60 and 120 mV at the standard current density of 10 mA cm-2, 

respectively. Herein, the PTCDA effective had a perylene core (O=C-O-C=O) and two 

anhydrides with excellent chemical stability, which can promote electron carrier mobility. 

When it was used for overall water spitting in near-neutral pH electrolyte (1M PBS), a 

cell voltage of 1.55V@10 mA/cm2 was achieved. Liu et al. [67]  synthesized Co2P 

NPs@NiCo2O4 spheres growing on FTO. The hybrid catalysts delivered the bifunctional 

electrocatalysts for overall water splitting.  
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Table 1.1 Summary of HER activities of Ni-based electrocatalysts in a wide pH range. 

Catalyst Electrolyte 
Mass 

loading 

η @ j 

mA cm-2 

(mV) 

Tafel slope 

(mV dec–1) 
Stability Substrate Ref. 

Ni-Pt 0.5 H2SO4 N/A 90@10 41 N/A Si substrate [31] 

3D-NiCoP 0.5 H2SO4 

1M KOH 

N/A 80@10 

107@10 

37 

79 

16h 

16h 

Nickel foam (NF) [43] 

NiCo2Px nanowires 0.5 H2SO4 

1M KOH 

1MPBS 

5.9 mg cm-2 50@10 

58@10 

63@10 

59.6 

34.3 

63.3 

30h 

30h 

30h 

Carbon felt (CF) [68] 

Pt/NiO@Ni/NF 1M KOH ~2.0 mg cm-2 34@10 39 24h Nickel foam (NF) [33] 

Ni(OH)2@Ni/CC 1M KOH 2.8 mg cm-2 68@10 97 40h Carbon cloth (CC) [36] 

MoNi4/MoO3-x 1M KOH N/A 17@10 

52@100 

36 20h Nickel foam (NF) [69] 

Ni-Mn3O4/NF 1M KOH N/A 91@10 110 20h Nickel foam (NF) [70] 

Ar-NiCo2O4 1M KOH N/A 104@10 112 24h Carbon paper (CP) [39] 

H-NiCoP NWAs/NF 1M KOH 

1M PBS 

10 mg cm-2 44@10 

51@10 

38.6 

79.2 

30h 

30h 

Nickel foam (NF) [71] 

Nest-like NiCoP/CC 1M KOH 2 mg cm-2 62@10 38.5 15h Carbon cloth (CC) [72] 

Ni/NiP 1M KOH ~10.58 mg 

cm-2 

130@10 106 24h Nickel foam (NF) [73] 

NiFeOx/CFP 1M KOH 1.6 mg cm-2 79@10 51 100h Carbon paper (CP) [74] 

Ni2P/NF 1M KOH N/A 98@10 72 20h Nickel foam (NF) [75] 

Mn-NiP2/CC 0.5M H2SO4 

1M KOH 

1M PBS 

4.4 mg cm-2 69@10 

97@10 

107@10 

45 

61 

91 

20h 

24h 

24h 

Carbon cloth (CC) [76] 

NiP2 NS/CC 0.5M H2SO4 

1M KOH 

4.3 mg cm-2 75@10 

102@10 

51 

65 

57h 

57h 

Carbon cloth (CC) [77] 

CoFe@CoNi 1M KOH ~2.15 mg cm-2 82@10 96 60h Nickel foam (NF) [78] 

Mo-Ni2P/NF 0.5M H2SO4 

1M KOH 

1M PBS 

1.13 mg cm-2 67@10 

78@10 

84@10 

77 

109 

85 

2500 

cycles 

2500cycles 

2500cycles 

Nickel foam (NF) [79] 

NiCoP/rGO 1M PBS 0.15 mg cm-2 124@10 91 18h Carbon fiber paper [80] 

NiCo2Px/CF 1M PBS 5.9 mg cm-2 63@10 63.3 30h Cu foam (CF) [81] 

Ni0.89Co0.1Se2 MNSN/NF 1M PBS 2.62 mg cm-2 82@10 78 30h Nickel foam (NF) [82] 

NiCoP–C(TPA)/NF 0.5M H2SO4 

1M KOH 

1MPBS 

~20.13 mg 

cm-2 

94@10 

78@10 

248@10 

81.1 

73.4 

112.5 

20h 

20h 

20h 

Nickel foam (NF) [83] 

CuOxNWs@NiMnOx 

NSs 

1M KOH 

1M PB 

N/A 71.6@10 

80.7@10 

62.7 

67.9 

60h 

40h 

Cu foam (CF) [84] 

MnMoO4 NSA/NF 0.5 H2SO4 

1M KOH 

1M PBS 

1.17 mg cm-2 89@10 

105@10 

161@10 

61 

113 

151 

1000cycles 

1000cycles 

1000cycles 

Nickel foam (NF) [85] 

Mn-NiO-Ni/Ni-F 1M PB 

Seawater 

(pH~8.3) 

0.25 mg cm-2 107@10 

140@10 

121 

N/A 

~50h 

14h 

Nickel foam (NF) [86] 

CoNiP/NF 0.5M H2SO4 

1M KOH 

1M KPi 

N/A 60@10 

155@10 

120@10 

39 

115 

103 

24h 

24h 

24h 

Nickel foam (NF) [87] 

mailto:71.6@10


18 

 

Table 1.2 Summary of OER activities of Ni-based electrocatalysts in a wide pH range. 

Catalyst Electrolyte Mass loading 

η @ j 

mA cm-2 

(mV) 

Tafel slope 

(mV dec–1) 
Stability Substrate Ref. 

Ni(OH)2@Ni/CC 1M KOH 2.8 mg cm-2 460@10 168 20h Carbon cloth (CC) [36] 

NiO/NF 1M KOH N/A 310@10 54 24h Nickel foam (NF) [50] 

NiFe-LDH 0.1M KOH N/A 230#10 50 10h Nickel foam (NF) [57] 

NiFe LDH 1M KOH N/A 265@10 50 16h Carbon rod (CR) [49] 

NiFe LDH-US 1M KOH N/A 203@10 42 16h Carbon rod (CR) [49] 

NiO@NiFe LDH-US 1M KOH N/A 210@10 72 50h Nickel foam (NF) [88] 

NiFeMn LDH 
1M KOH 0.2 mg cm-2 262@10 47 15h 

Carbo fiber paper 

(CFP) 
[58] 

NiMn LDH/rGO 
1M KOH N/A 260@10 46 N/A 

Glassy carbon 

(GC) 
[59] 

Ni5Mn LDH/MWCNT 
1M KOH 0.283 mg cm-2 350@10 83.5 30000s 

Rotating disk 

(RDE) 
[60] 

NiMn LDH/NiCo2O4 1M KOH 5.4 mg cm-2 310@10 99 8h Nickel foam (NF) [89] 

Ni2.0Mo0.26@NC 
1M KOH 5 mg cm-2 310@10 62.7 10h 

Rotating disk 

(RDE) 
[90] 

MoFe:NiOOH/Ni(OH)2 1M KOH N/A ~280@10 47 50h Nickel foam (NF) [51] 

Ni0.77Fe0.23 oxide 1M KOH N/A 225@10 55 12h Nickel foam (NF) [52] 

NiMnO3/NiMn2O4 
1M KOH 2.5 mg cm-2 ~380@10 73.3 24h 

Glassy carbon 

disk (GCE) 
[53] 

NCNT/Ni-NiFe2O4 1M KOH 0.21 mg cm-2 140@10 85 20000s Nickel foam (NF) [54] 

NCNT/Ni-NiMn2O4 1M KOH 0.21 mg cm-2 188@10 76 20000s Nickel foam (NF) [54] 

CuOxNWs@NiMnOxNSs 1M KOH 

1M PBS 

N/A 225@10 

390@10 

80 

101.3 

60h 

40h 

Cu foam (CF) 

[84] 

Ni3N NA/CC 1M KHCO3 1.8 mg cm-2 540@20 162 12h Carbon cloth (CC) [91] 

Ni3N@Ni-Ci NA/CC 1M KHCO3 1.8 mg cm-2 400@20 143 12h Carbon cloth (CC) [91] 

NiCo2O4/CC 1M KHCO3 1.7 mg cm-2 339@10 91 20h Carbon cloth (CC) [92] 

NiCo2O4@Ni-Co-Ci/CC 1M KHCO3 N/A 309@10 156 N/A Carbon cloth (CC) [92] 

Ni-Bi/CC 0.1M K-Bi N/A 470@10 107 25h Carbon cloth (CC) [93] 

NiOx-Cat/GC 0.2M K-Ci N/A ~600@1.15 N/A 60000s Glassy carbon  [94] 
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Table 1.3 Summary of bifunctional activities of Ni-based electrocatalysts for overall water splitting 

in a wide pH range. 

Catalyst Electrolyte 
Mass 

loading 

Cell voltage@ j 
mA cm-2 

(V) 
Stability Substrate Ref. 

NiCoFeB nanochain ~0.5 H2SO4 

1M KOH 

0.5 mg cm-2 

 

1.6@32.8  

1.81@10 

20h 

20h 

Carbon fiber paper (CFP) [95] 

CoNi/CoFe2O4/NF 1MKOH ~2 mg cm-2 1.57@10 48h Nickel foam (NF) [78] 

NiO-Ni3S2 1M KOH N/A 1.57@10 20h Nickel foam (NF) [96] 

Ni(OH)2/Ni3S2 1M KOH 4.8 mg cm-2 1.64@10 120h Nickel foam (NF) [97] 

Mo/Mn-NixSy/NF 1M KOH 7.67 mg cm-2 1.45@10 24h Nickel foam (NF) [98] 

Ni-Fe-P/NF 1M KOH N/A 1.58@10 24h Nickel foam (NF) [99] 

NP-NiCo2O4 1M KOH ~1.2 mg cm-2 1.63@10 5h Nickel foam (NF) [100] 

NiFeMo 1M KOH 1.6 mg cm-2 1.45@10 50h Nickel foam (NF) [62] 

NiFe LDH/NiCo2O4 1M KOH 4.9 mg cm-2 1.60@10 12h Nickel foam (NF) [63] 

NiCo2O4@CoMoO4/NF 1M KOH N/A 1.55@10 12h Nickel foam (NF) [64] 

NiFe/NiCo2O4 1M KOH 1 mg cm-2 1.67@10 10h Nickel foam (NF) [101] 

Ni5P4 1M KOH 13.9 mg cm-2 1.7@10 20h Ni foil [102] 

NiMo HNEs/TiM 1M KOH N/A 1.64@10 10h Ti mesh [103] 

NiCo-NiCoO2@NC 1M KOH 3 mg cm-2 1.44@20 50h Glassy carbon (GC) [104] 

NixCo3-xS4/Ni3S2/NF 1M KOH N/A 1.53@10 200h Nickel foam (NF) [105] 

S-NiFe2O4/NF 1M KOH 

1M PBS 

N/A 1.65@10 

1.95@10 

24h 

24h 

Nickel foam (NF) [65] 

NiCo2Te4/PTCDA 1M PBS N/A 1.55@10 30h Rotating ring disk 

electrode (RRDE) 

[66] 

CuOx NWs@NiMnOx NSs 1M KOH 

1M PBS 

N/A 1.62@10 

1.75@10 

40h 

24h 

Cu foam (CF) [84] 

Ni(S0.5Se0.9)9 1M PBS 0.75 mg cm-2 1.87@10 12h Nickel foam (NF) [106] 

Ni0.1Co0.9P 1M PBS 0.58 mg cm-2 1.89@10 20h Carbon paper (CP) [107] 

NiP2/CC 1M PBS 3.8 mg cm-2 1.65@10 14h Carbon cloth [108] 

mailto:1.6@32.8
mailto:1.64@10
mailto:1.45@10
mailto:1.63@10
mailto:1.45@10
mailto:1.65@10
mailto:1.62@10
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1.5 SUBSTRATES FOR SUPPORT ELECTROCATALYSTS FOR WATER 

SPLITTING 

The electrocatalysts are always supported on conductive substrates such as Ni foam (NF), 

carbon cloth (CC), carbon paper (CP), copper foam (CF), glassy carbon disc (GC), FTO, 

and stainless-steel for water electrolysis. There are two main ways to support 

electrocatalysts. One is to coat the slurry composed of electrocatalyst powders and binder 

additive on the substrate. However, the performance of the electrocatalysts could drop to 

some extent since the binder could block some active sites. Moreover, the coated 

electrocatalysts could be peeled off from the substrate surface after a long-term test since 

the generated gas bubble could reduce the adhesion strength in the strong pH solutions. 

The other one is to prepare electrocatalysts on the conductive substrates. In this case, the 

contact between catalyst and substrate should be much stronger so that the peeling-off 

problems of electrocatalysts can be solved. Thus, many pieces of research are focusing 

on the development of 3D porous nanostructured electrocatalysts with a high surface area 

on the substrate[109-111].   

Ni foam (NF) support is widely used for the support of various electrocatalysts.  The 

hydrothermal method is generally used for the synthesis of nanostructured active 

electrocatalysts directly on the NF by the control of chemical compositions in the 

precursors. However, before use, NF should be pretreated with hydrochloric acid (HCl) 

solution to remove the surface oxide layer. To date, various electrocatalysts have been 

successfully grown on the NF. For example, Li. et al.[112] fabricated NiCo precursor on 

the NF substrate via a hydrothermal synthesis process, and then performed a 

phosphorization process to achieve a NiCoP nanosheet array structure on the NF substrate. 

Han et al.[87] directly synthesized CoNiP with nanosheet structure uniformly on NF 

(CoNiP@NF) by a hydrothermal method. Li and coworkers [78] obtained 

CoNi/CoFe2O4/NF electrode with a flower-like unique structure using a three-step 

synthesis method, in which CoFe(OH)x  was grown on NF by a hydrothermal method at 

first and then, it was changed to oxide form (CoFe2O4) by calcination, and finally a 

bimetal CoNi layer was coated on the CoFe2O4/NF via an electrodeposition method. 

These catalysts with the unique structure exhibited high activities for both HER and OER. 

When it was used as the bifunctional electrocatalysts, a cell voltage of 1.57 V@10 

mA/cm2 was obtained with high-performance stability.  
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Cu foam (CF) substrate is another widely used electrocatalyst supporter, on which Cu 

nanowires can be easily generated to provide any additional supporting area or serve as 

the electrocatalysts directly. For example, Lu et al.[113] fabricated Cu nanowires on CF 

directly (CuO nanowires/CF), which exhibited a low overpotential of 430 mV at 100 

mA/cm2 current density for OER. Moreover, the CuO nanowires/CF can be phosphorized 

to Cu3P/CF for HER. These two CuO/CF and Cu3P/CF electrodes can be applied to the 

two sides of the water electrolyzer for the overall water splitting in alkaline electrolytes. 

Zhou et al.[114] fabricated CuO nanowires on CF at first and then covered Co3O4 

nanorods (NRs) on them to obtain CuOx@ Co3O4 NRs core@shell 3D structure 

electrocatalysts, which showed large electrochemical surface area activity and synergistic 

effect with low overpotentials and low Tafel slopes for either HER or OER and can be 

used as the bifunctional catalyst toward overall water splitting in the alkaline electrolyte. 

Rong et al.[115] fabricated Co-doped Cu3P on Cu foam using a self-supporting method, 

which also exhibited excellent performance and long duration stability for either HER or 

OER and a low cell voltage of 1.55 V @10 mA/cm2 in a two-electrode water electrolyzer.  

1.6 PARAMETERS to evaluate the catalysis performance  

Overpotential at the standard current density, Tafel slope and exchange current density 

(j0), double layer capacitance (Cdl) and electrochemically active surface area (ECSA), 

long-term stability test, and Faradaic efficiency (FE) are the basic parameters to evaluate 

the electrocatalysis performance.  

1.6.1 Overpotential 

Overpotential is an activity parameter at a defined current density, but the iR compensated 

overpotential (ηiR free) is generally used to explain the real overpotential at first.  
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Figure 1.6 Schematic polarization curves for HER and OER. 

Theoretically, the reversible potentials for HER and OER are 0 and 1.23 V vs. standard 

hydrogen electrode (SHE), respectively. The Nernst equation is related to the pH of 

electrolyte under standard condition 25ºC at 1 atm. The calculated overpotentials at the 

desired current density without iR compensation for the HER and OER are based on the 

following equations[21]: 

For HER: 

𝐸𝐻𝐸𝑅 =  𝐸(𝐻2 𝐻+)⁄
0 −  

𝑅𝑇

𝐹
 × ln (

𝑎
𝐻1

𝑃𝐻2

1/2)                                                                              (28) 

𝐸𝐻𝐸𝑅 =  −0.059 × 𝑝𝐻 𝑉 𝑣𝑠. 𝑁𝐻𝐸 = 0𝑉 𝑣𝑠. 𝑅𝐻𝐸                                                      (29) 

For OER: 

𝐸𝑂𝐸𝑅 =  𝐸(𝑂2 𝐻2𝑂)⁄
0 −  

𝑅𝑇

4𝐹
 × ln (

𝑎
𝐻1𝑃(𝑂2)/𝑃0

𝑎𝐻2𝑂
2 )                                                                 (30) 

𝐸𝑂𝐸𝑅 =  1.23 − 0.059 × 𝑝𝐻 (𝑉 𝑣𝑠. 𝑁𝐻𝐸)                                                                  (31) 

Meanwhile, the following equations are used to calculate the iR drop compensated 

overpotentials for an electrocatalyst in OER and HER processes, respectively[116]: 

𝑖𝑅 𝑑𝑟𝑜𝑝 𝑓𝑟𝑒𝑒 (𝜂𝐻𝐸𝑅) =  𝐸𝑅𝐻𝐸 − 0𝑉 −  𝐸𝑖𝑅                                                                 (32) 

𝑖𝑅 𝑑𝑟𝑜𝑝 𝑓𝑟𝑒𝑒 (𝜂𝑂𝐸𝑅) =  𝐸𝑅𝐻𝐸 − 1.23𝑉 −  𝐸𝑖𝑅                                                            (33) 
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Moreover, the current density of 10 mA cm-2 has been accepted as the standard one to 

compare and characterize various electrocatalytic materials for either HER or OER in all 

mediums. Sometimes, the overpotentials at 50 mA and/or 100 mA cm-2 current densities 

are also applied for the evaluation of electrocatalyst performances.  

1.6.2 Tafel slope and exchange current density 

The kinetic performance of electrocatalyst is usually determined from Tafel analysis of 

HER and OER processes. Tafel slope equation can be derived from the nature of kinetics 

of the electrocatalytic reaction at the catalytic interface. The relationship between current 

and overpotential at an electrical interface is given by the well-known Butler–Volmer 

equation as follows [117]: 

𝐼 =  𝐼0[exp (
𝛼𝐴𝑛𝐹

𝑅𝑇×𝜂
) − exp (

−𝛼𝑐𝑛𝐹

𝑅𝑇×𝜂
)                                                                               (34) 

where I is current, I0 is the exchange current (current at equilibrium potential), αA and αC 

are the charge transfer coefficients for anodic and cathodic reactions respectively, n is the 

number of electrons transferred, F is the Faraday constant (96485 C), R is the ideal gas 

constant, T is the absolute temperature in K and η is the overpotential. The exchange 

current density is obtained by linear of the Tafel plot and the logarithmical current density 

(j) as the Tafel equation: 

𝜂 = 𝑎 + 𝑏 𝑙𝑜𝑔𝑗                                                                                                              (35) 

There is interception with the respective logarithmic current density at a reversible 

potential. The potentials of interceptions of 0 and 1.23V (vs RHE) are used to calculate 

the current density exchanges of HER and OER, respectively. In addition, the inverse of 

the logarithmic current density of an electrocatalyst at the equilibrium potential of the 

electrocatalytic process under study is called exchange current density. Both Tafel slope 

and exchange current density of an electrocatalyst for a specific electrocatalytic study of 

interest have many insights on the kinetic behavior of the electrochemical process. Tafel 

slope for instance is usually used to semi-quantitatively predict how relatively faster the 

reaction is on an electrocatalytic interface. Three ways to extracting the Tafel slope using 

the electrochemical technique are voltammetry, chronoamperometry or 

chronopotentiometry, and EIS. The most widely-used technique to extract the Tafel slope 
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to explain Tafel equation mechanism is voltammetry (linear sweep voltammetry or 

segment of cyclic voltammetry). The basic of calculated Tafel slope is the iR drop 

compensated LSV or CV at a scan rate lower than 5 mV s-1 [1, 118]. 

1.6.3 Electrochemical active surface area 

The electrochemically active surface area (ECSA) of an electrochemical material can be 

determined in more than five ways. As ECSA is believed to reflect the real surface active 

area of the material which is truly exposed to the electrolyte unlike the geometrical 

surface area, the activity normalized by the ECSA seems to be the more accurate one and 

in fact could provide a meaningful measure way in the evaluation of catalytic properties 

of different types of electrocatalysts that are distinguishable by size, shape, morphology, 

topography and porous nature. Though this method seems to be an interesting one to 

compare the activities of a set of similar materials and also to predict the reasons behind 

the activity trend, it has some serious disadvantages. The first one is that the relative 

ECSA determined by this method is purely based on the non-Faradaic ion adsorption and 

desorption processes whereas the gas evolution reactions are Faradaic processes. This 

means that correlating the ECSA derived from Cdl to the activity trends of electrocatalysts 

which purely Faradaic in nature makes it odd and strange. The resultant plot of scan rate 

against the difference of double layer charging current densities (∆j (ja – jc) will yield a 

linear line, the slope of which is the double-layer capacitance of the material. It is found 

that this method in most cases is good agreement with the HER and OER activity trends 

of the catalytic materials with some exceptions[3, 119]. 

1.6.4 Faradaic efficiency 

Faradaic efficiency is one of the three important indicators for any electrocatalyst, which 

is essential to show the selectivity of catalysts in the HER and OER electrocatalysis 

processes. There are two well-known and widely accepted methods to determine the FE 

of OER and HER. Both methods use a comparison between the experimentally measured 

quantity of evolved gas and the calculated amount of gas based on Faraday’s laws of 

electrolysis. The first method is the conventional and reliable one where the evolved gas 

is collected in a graded cylindrical measuring jar via water-gas displacement. The volume 

of the collected gas is then converted into moles using Avogadro’s principle and the 

number of moles of calculated gas molecules from the passed charge taking Faraday’s 
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second law of electrolysis.[1] If the calculated volume and collected volume are in 

agreement with each other, the catalyst is then said to have 100% FE for the specific gas 

evolution reaction and shows that it is highly selective for that particular electrochemical 

reaction only. At this point, for the parameter of FE, it is concluded here that the FE of an 

electrocatalyst which is to be screened in water splitting electrocatalysis must be given 

along with other essential activity parameters as it reflects the selectivity of the catalyst. 

Moreover, the independence of FE from the size, shape, and morphology of the catalyst 

makes it free from experimental inaccuracy. 

1.6.5 Stability test  

The two methods to evaluate the long-term stability of the electrode are the 

chronopotentiometry-chronoamperometry curve and cyclic voltammetry (CV)/linear 

sweep voltammetry (LSV) curve. The chronopotentiometry/chronoamperometry test is 

always performed by setting up a constant current density/potential at a long-term 

duration (more than 12h is acceptable for the stability of scale up the same electrolyte 

condition)[78, 83], in which the current density could be decreased at a fixed potential or 

the overpotential is increased at a fixed current density (10 mA cm-2 current density is a 

common fixed current density for the test and sometimes,  a high current density of 100 

mA cm-2 is also used to evaluate the performance of the good electrocatalysts). The other 

method for the stability test is using the LSV curves converted from the CV test before 

and after at least 1000 cycles. In the CV test, long-term stability is determined by the 

shifts of the onset overpotential as well as the overpotential of the LSV curve after the 

test, and the smaller shift of curve means good stability.   

 

1.7 OBJECTIVE OF THIS STUDY 

From reviewed above, to improve the electrocatalytic performances for HER and OER, 

the design of suitable nanostructured electrocatalysts is very important since the 

conductivity, active surface area and synergistic effect could be enhanced by 

nanostructure design. The objective of this research is to fabricate nanostructured 

electrocatalysts with higher efficiency for either OER or HER. This study focuses on 

developing earth-abundant and low-cost transition metal-based nanostructured 

electrocatalysts for highly efficient and durable water splitting over a wide pH range. 
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Various novel electrocatalysts with low overpotential, low Tafel slope, high conductivity, 

fast electron transfer, long-term stability, and close to 100% Faradic efficiency were 

developed for the water splitting in various electrolytes Some novel electrocatalysts 

synthesis methods were proposed and the reaction mechanisms were discussed. It is 

expected to provide some new routes for the development of electrocatalysts for overall 

water splitting in various environments. 

 

1.8 SCOPE OF THIS DISSERTATION 

Chapter 1 reviewed various electrocatalysts developed for the HER, OER, and especially 

the bifunctional electrocatalysts for the overall water splitting in a wide pH range 

electrolyte. The methods for the evaluation of various electrocatalysts were introduced. 

The issues on the electrocatalysts were discussed. Finally, the objective of this study was 

given. 

 

In Chapter 2, the study on a novel OER electrocatalyst was introduced at first. 

Hierarchical NiO microflake@NiFe-LDH nanosheet core-shell arrays on nickel foam 

were fabricated by combining a two-step hydrothermal synthesis and a calcination 

process. The obtained electrodes were characterized using a scanning electron microscope 

(SEM) with an energy dispersive X-ray detector, Transmission electron microscope 

(TEM), X-ray photoelectron spectroscopy (XPS), and X-ray diffraction (XRD). 

Meanwhile, the OER activity was evaluated by using linear sweep voltammetry (LSV), 

and the long-term stability was tested at high current densities of 50 and 100 mA cm-2. 

Due to the 3D rational configuration with highly active sites, the obtained composite 

electrode showed high performance for OER, which needed a low apparent overpotential 

of 265 mV to afford the standard current density of 10 mA cm–2. In addition, the 

NiO@NiFe-LDH coated electrode was further treated in an organic solution via 

ultrasound for in situ intercalations of the NiFe-LDH to provide larger channels for ion 

transportation and gas diffusion. As a result, the charge transition resistance was 

obviously reduced and the apparent activity, as well as the long-term stability, were 

improved. The optimized NiO@NiFe-LDH composite exhibited excellent long-term 

stability in 50 h even at high current densities of 50 and 100 mA cm–2, and meanwhile, 

the required apparent overpotential of OER for sustaining the standard current density (10 
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mA cm–2) was reduced from 265 to 210 mV. It is expected to provide a facile way to 

obtain low-cost nickel-based electrocatalysts with high activity and stability for OER in 

water-splitting process. 

 

In Chapter 3, to develop HER electrocatalysts with high efficiency, long-term stability, 

and low-cost for the large-scale and effective application of renewable energy, a binder-

free NiCoP-carbon nanocomposite (denoted as NiCoP-C(TPA)) film with unique 

nanostructure was successfully coated on the electrode for the first time by deposition of 

a terephthalic acid-induced NiCo bimetallic compound precursor film on the NF with a 

hydrothermal synthesis method followed by a calcination process in Ar atmosphere and 

continuous phosphorization treatment with NaH2PO2. In the obtained NiCoP-C(TPA) 

electrocatalyst, bimetallic phosphide nanoparticles were well combined with graphite 

carbon. It is found that the bimetallic NiCo alloy was also formed in the carbonization 

process, which affected the performance of the final catalyst. As a result, the NiCoP-

C(TPA) electrocatalyst had much higher activity than the monometallic phosphides of 

NiP-C(TPA)/NF and CoP-C(TPA)/NF, and the NiCoP-C(TPA)/NF electrode exhibited an 

overpotential as low as 78 mV at the standard current density of 10 mA cm-2 with a small 

Tafel slope of 73.4 mV dec-1,  a faradic efficiency of ~ 94% and long-term stability at 

high current density in the alkaline electrolyte. Meanwhile, the NiCoP-C(TPA)/NF 

electrode also exhibited superior HER performance in the acidic electrolyte with an 

overpotential of 94 mV@10 mA cm-2, a Tafel slope of 81.1 mV dec-1, and long-term 

stability although a relatively high overpotential of 248 mV@10 mA cm-2 with a high 

Tafel slope of 112.5 mV dec-1 was obtained in the neutral electrolyte. It is expected to 

provide a novel synthesis method by using organic solid acid to derive high-performance 

bimetallic phosphide based electrocatalysts with special nanostructure for HER in the 

water-splitting process 

 

In Chapter 4, the bifunctional electrocatalysts for the overall water splitting were 

developed, in which combining oxides with bimetallic elements was considered as an 

efficient route to modify the electronic distribution for improving the intrinsic activity of 

electrocatalysts, and further engineering the defect structure and adjusting the valence 

state could provide more adsorption sites as well as active sites for the decomposition of 
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the reactants and/or intermediates. NiMnOx nanosheets with rich defects were 

electrochemically deposited on the surface of Cu(OH)2 nanowires followed by a thermal 

treatment process to form a CuOx nanowires @NiMnOx nanosheets (CuOx 

NWs@NiMnOx NSs) electrocatalyst with core-shell configuration. Structure 

characterizations indicated that NiMnOx nanosheet had numerous vacancies with 

scattered defects and dislocations with partial cracking of the inert basal planes, resulting 

in extra active edge sites and coordination-unsaturated spinel crystal. As such, the valence 

states of Ni and Mn elements became unstable in the defect-modified NiMnOx materials 

under the applied potential. Comparing with the initial NiMnOx, more Ni3+ and Mn4+ were 

formed during the oxygen evolution reaction (OER) whereas they were converted to Ni2+ 

and Mn3+ during the hydrogen evolution reaction (HER). These controllable valence state 

changes of metal elements endowed the NiMnOx to have a high ability for catalyzing 

overall water electrolysis. As a result, the CuOx NWs@NiMnOx NSs bifunctional 

electrocatalysts exhibited high performances in both HER and OER in alkaline 

electrolytes. Meanwhile, by using the same electrocatalysts in the neutral electrolyte, the 

overpotentials@10 mA cm-2 was also as low as 80.7 and 390 mV with Tafel slopes of 

77.6 and 101.6 mV dce-1 for HER and OER, respectively. A two-electrode overall water 

electrolysis system using this bifunctional electrocatalyst exhibited low cell voltages of 

1.62 and 1.75V in the alkaline and neutral electrolytes respectively at the standard current 

density of 10 mA cm-2 with long-term stability, indicating that this CuOx NWs@NiMnOx 

NSs core@shell-type material should be an effective bifunctional electrocatalyst in both 

alkaline and neutral pH media. 

 

Chapter 5 summarized the main results of this study, and an outlook for future work in 

this field was given. 
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CHAPTER 2   Fabrication of NiO microflake@NiFe-

LDH nanosheet heterostructure electrocatalysts for 

oxygen evolution reaction 

2.1 INTRODUCTION 

Water electrolysis via renewable source derived electricity has been one of the most 

promising technologies of sustainable energy utilization. [1,2] In the water electrolysis 

process, oxygen evolution reaction (OER) on the anode side is a four electron-transfer 

coupled reaction which requires a higher overpotential to overcome the kinetic barrier 

than hydrogen evolution reaction (HER) on the cathode side. [3-6] Recently, numerous 

efforts have been devoted to developing highly efficient OER catalysts to improve the 

reaction kinetics and intrinsic catalytic activity. To date, noble metal-based 

electrocatalysts such as Ir, Ru, IrO2, and RuO2 are still considered the best ones for OER 

in an alkaline solution, but the high price and the scarcity restrict their large-scale 

applications. [7,8] Thusly, it is necessary to develop noble-metal-free catalysts with low-

cost but excellent activity as well as stability. [9]  

Nickel-based electrocatalysts have garnered enormously and are among the most efficient 

noble-metal-free OER catalysts due to their high catalytic activity and low-cost. [10] 

Although pure nickel oxide has high activity, the electrode based on it always exhibits 

high overpotential in the alkaline solution due to the poor electric conductivity. [11, 12] 

It is found that the overpotential can be reduced by designing nickel-based catalysts with 

optimum hierarchical hybrid heterostructure. Among them, the catalysts with core-shell 

nanostructures featuring metal-oxide@metal-oxide composition are particularly 

promising. As the core and shell are active materials, they can both contribute to the whole 

electrocatalytic activity, and meanwhile, the synergy among them could improve the 

catalytic performance. Especially, the shell growing on the core can greatly increase the 

surface area of the entire electrode, which would provide more active sites for 

electrochemical reactions. [13]  

Layer double hydroxides (LDHs) have attracted considerable attention as electrocatalysts 

due to their large surface area, chemical versatility, and open structure. For OER, the 

metal atoms on the LDH sheets can provide abundant exposed active sites, and especially, 
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the special anion-exchange property and the ease of delamination of LDHs make the 

engineering nanostructured assembly of LDHs towards enhanced OER performance more 

easily. To improve the water oxidation activity, iron incorporation into nickel film with 

layered structure was found to be a very useful way. [14] Recently, NiFe-LDH with a 

two-dimension layer (2D) structure was found to have outstanding OER electrocatalytic 

activity and stability in the alkaline solution. [15-23] Furthermore, exfoliating or 

intercalation of NiFe-LDHs could further improve the catalytic performance since it can 

increase the active edge sites and surface area. For instance, NiFe-LDH can be exfoliated 

to obtain single-layer nanosheets without alternating their composition and structure, and 

the exfoliated NiFe-LDH single nanosheets delivered enhanced OER activity and 

generated larger current density than the bulk counterpart as well as commercial IrO2. 

[24] However, when such exfoliated materials are used for fabrication of the electrode, 

the exfoliated materials have to be grafted onto the preselected substrate by using a 

polymer binder. [25] In our group, an in-situ intercalation method was performed to 

expand the inter-layer spacing of electrodeposited NiFe-LDH electrode. [25] It is found 

that the inter-layer distance of NiFe-LDH material on the electrode can be increased by 

immersing it in formamide at 80 °C, and the required apparent overpotential of OER for 

sustaining 10 mA cm-2 current density was reduced from 256 to 210 mV. Moreover, with 

the assistance of ultrasound treatment, the required intercalation time is reduced 

drastically and the apparent overpotential@10 mA cm-2 current density is further 

decreased to 203 mV. [26] 

Herein, to reduce the apparent overpotential and improve the long-term stability at a high 

current density of Nickel-based electrocatalysts coated electrode for OER at the alkaline 

environment, hierarchical NiO microflake@NiFe-LDH nanosheet core-shell arrays on 

nickel foam were fabricated by combining a two-step hydrothermal synthesis and a 

calcination process. To improve the catalytic activity and stability, ultrasonic was used 

for in-situ intercalation of inter-layer distance of NiFe-LDH. The obtained electrodes 

were characterized using a scanning electron microscope (SEM) with an energy 

dispersive X-ray detector, Transmission electron microscope (TEM), X-ray photoelectron 

spectroscopy (XPS), and X-ray diffraction (XRD). Meanwhile, the OER activity was 

evaluated by using linear sweep voltammetry (LSV), and the long-term stability was 

tested at high current densities of 50 and 100 mA cm-2. It is expected to provide a facile 
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way to obtain low-cost Nickel-based electrocatalysts with high activity and stability for 

OER in water splitting process. 

2.2 EXPERIMENT 

2.2.1 Chemicals and Materials 

Nickel (II) nitrate hexahydrate, Iron (III) nitrate nonahydrate, Ammonium fluoride, and 

Urea (Wako, Japan) with analytical grade were used for preparing NiO and NiFe-LDH. 

Potassium hydroxide (Wako, Japan) with analytical grade was employed to prepare an 

electrolyte solution for water splitting. Nickel foam (NF, thickness: 1.5 mm, bulk density: 

0.23 g/cm3; a number of pores per inch: 110) was provided by MTI, Japan. Prior to use, 

the NF was cleaned with 1.0 M hydrochloric acid solution and washed with ethanol and 

distilled water successively. 

2.2.2 Synthesis of NiO/NF electrode 

Firstly, 2 mmol Ni(NO3)2.6H2O, 4 mmol NH4F, and 5 mmol CO(NH2)2 were dissolved 

in 20 ml distilled water with stirring for 15 min. Then, the obtained solution was 

transferred into a Teflon-lined autoclave with a piece of cleaned Ni foam (size: 1 x 1 cm2), 

subsequently heated at 100 °C for 12 h. As such, Ni(OH)2/NF electrode was obtained, 

which was further calcined at 450 °C for 2 h in air with a heat rate of 5 °C/min to get the 

final NiO/NF electrode.  

2.2.3 Synthesis of NiO@NiFe-LDH/NF electrode 

   For the preparation of NiO@NiFe-LDH/NF electrode, a set of preliminary experiments 

were performed (Figure 2.6), in which various initial molar ratios (1:1, 4:1, 9:1 and 1:4) 

of  Ni(NO3)2.6H2O: Fe(NO3)3.9H2O  with a total amount of 1 mmol were dissolved in 20 

ml distilled water with 4 mmol NH4F and 5 mmol CO(NH2)2 at first and then,  transferred 

into a Teflon line autoclave with the above-obtained NiO/NF electrode, which was heated 

at 140 °C for 6 h and as such, NiO@NiFe-LDH/NF electrodes were formed. Thereafter, 

the electrodes were rinsed with distilled water and dried in a vacuum oven at 60 °C for 2 

h. In addition, since some unstable NiFe-LDH particles were found to be formed on the 

surface of NiO/NF electrode, the obtained NiO@NiFe-LDH/NF electrodes were 

ultrasonically treated in distilled water for 5 min to move out these unstable particles. In 

this study, as shown in Figure. 2.6, the highest activity was achieved by using the Ni/Fe 

initial molar ratio of 4:1.  Therefore, in the following study, NiO@NiFe-LDH/NF 
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electrode was prepared by using this Ni/Fe initial molar ratio. For comparison, NiFe-LDH 

using the optimum Ni/Fe initial molar ratio was also solely coated on NF to obtain a NiFe-

LDH/NF electrode. 

   The in-situ intercalation of NiO@NiFe-LDH/NF on the electrode was performed in an 

ultrasonic cleaner, where NiO@NiFe-LDH/NF electrode was immersed into 20 ml 

formamide solution at 30 °C for 5 min under ultrasonic condition. Finally, the obtained 

electrode (NiO@NiFe-LDH/NF-US) was washed with distilled water and dried at 60 °C 

for 12 h. Here, the selected ultrasonic condition was based on preliminary experiments. 

 

Figure 2.1 Schematic diagram of fabrication NiO@NiFe-LDH/NF-US. 

2.2.4 Structural characterization 

    The morphology of electrode was characterized by SEM (SU8010, Hitachi, Japan) with 

an EDS (Horiba Scientific, Japan) as well as TEM (JEM-2100F, JEOL, Japan) at an 

acceleration voltage of 200 kV. The chemical states of the sample were determined by 

XPS in a Thermo VG Scientific ESCALab250i-XL unit. The crystalline structure and 

composition of the sample were analyzed by XRD (Rigaku Smartlab, Japan) with Cu-Kα 

radiation (λ=0.15418 nm) in a range of 20°-80°.  

2.2.5 Electrochemical measurements 

    Electrochemical measurements were conducted on an electrochemical workstation 

(Potentiostat) with a three electrodes system in a 1.0 M KOH solution (pH=14) at room 

temperature. Pt wire, Ag/AgCl in saturated 3.0 M KCl, and the above-obtained 
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electrocatalyst coated NF electrode were used as a counter electrode, reference electrode, 

and working electrode respectively. Herein, Ag/AgCl reference electrode was used in 

alkaline solution instead of Hg/HgO one because no obviously different experimental 

results between them were observed even in a long-term stability test. The OER activity 

was measured by using linear sweep voltammetry (LSV) with a scan rate of 5 mV s-1 at 

a potential range of 1.2-1.8 V (vs. reversible hydrogen electrode, RHE). All potentials 

reported in this study were calibrated to the values based on the reversible hydrogen 

electrode (RHE) using equation ERHE = EAg/AgCl + 0.059 pH + 0.198 (V), where E(RHE) 

is the potential referred to RHE and E(Ag/AgCl) is the measured potential against 

Ag/AgCl (saturated 3.0 M KCl) reference electrode. Electrochemical impedance 

spectroscopy (EIS) measurement was carried out in a range of 105-0.01 Hz at an 

overpotential of 340 mV. Electrochemical active surface area (ECSA) of electrocatalyst 

at the non-faradaic overpotential was measured by cyclic voltammetry (CV) at a potential 

range of 1.02-1.12 V vs. RHE. The Cdl was estimated by plotting current density at 

different scan rate (ΔJ = Ja-Jc) with a potential of 1.07 V. The stability test was performed 

by chronopotentiometry measurement at high current densities of 50 mA cm-2 and 100 

mA cm-2 for 25 h, respectively, where the fresh alkaline solution was continuously 

pumped into the test cell. 

2.3 RESULTS AND DISCUSSION 

2.3.1 Morphology structure and composition characterization. 

The surface morphologies of NiO/NF and NiO@NiFe-LDH/NF electrodes were 

examined using SEM. As shown in Figure. 2.2(a), NiO microflakes cover uniformly on 

the NF after the hydrothermal synthesis followed by the calcination process. The 

formation of such macroflake film could be based on heterogeneous nucleation and 

growth due to the lower interfacial nucleation energy on the NF surface. In particular, it 

should be noted that the thickness of NiO microflake is less than 100 nm, which could 

provide enough active sites for the electrochemical reaction. As illustrated in Figure 

2.2(b), numerous NiFe-LDH ultrathin nanosheets are well grown on the surfaces of NiO 

microflakes to form a highly porous core-shell structure. Such a special structure should 

be a benefit to the full utilization of the active materials. Besides, the voids among the 

nanosheets on the microflakes should act as effective transportation channels for the 
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electrolytes and generated gas during the water-splitting process. The NiO@NiFe-LDH 

catalyst was scratched down from NF, and the structure was observed by using TEM 

(Figure. 2.2 (c) and (d)). THE high-resolution TEM (HRTEM) image shown in Figure 

2.2 (d) reveals that the shell has two visible lattice fringes with interplanar spacings of 

0.228 nm and 0.7429 nm, corresponding well to the (015) and (003) planes of NiFe-LDH. 

Meanwhile, the core has a distinct set of visible lattice fringes with an interplanar spacing 

of 0.142 nm, corresponds well to the (220) plane of NiO. 

  

Figure 2.2 (a,b) Surface morphologies of (a) NiO/NF (b) NiO@NiFe-LDH/NF by SEM; 

(c,d) TEM images of NiO@NiFe-LDH/NF in different magnifications. 
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Figure 2.3 EDS spectra in NiO@NiFe/NF-US. 

 

Table 2.1 The molar ratios of Ni/Fe on the surfaces of composites by EDS analysis. 

Materials Ni (wt%) Fe (wt%) Molar ratio of Ni:Fe 

NiFe-LDH 80.54 19.46 4:1 

NiO@NiFe-LDH 95.34 4.66 20:1 

NiO@NiFe-LDH-US 95.82 4.18 23:1 

 

In addition, as shown in Figure 2.3, Ni and Fe elements were obviously existed on the 

electrode, indicating that Fe was combined with Ni in the electrode. The molar ratios of 

Ni/Fe on the surfaces of electrocatalysts by EDS analysis are shown in Table 2.1. It is 

found that the molar ratio of Ni/Fe in NiFe-LDH is reasonable. Figure 2.4 shows XRD 

patterns of NF, NiO/NF, NiFe-LDH/NF, and NiFe-LDH/NF-US. The characteristic peaks 

at 37.47°, 43.47°, and 62.76° in the XRD pattern of NiO/NF electrode correspond well to 

the (111), (200) and (220) crystalline facets of NiO (diffraction standard pattern of JPDC 

no.47-1049). The characteristic peaks corresponding to (003), (006), (012), (015), (018), 
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(110), and (113) facets of NiFe-LDH (diffraction standard JPDC no. 40-0215) should be 

located at 12.29, 23.38, 33.96, 39.3, 46.49, 60.13, 61.33° in the XRD patterns of NiFe-

LDH/NF and NiFe-LDH/NF-US. However, due to the strong characteristic peaks of NF, 

the peaks corresponding to the main (003), (006), and (015) facets of NiFe-LDH are not 

so obvious in the presence of NiO. Although it can indicate the existence of NiFe-LDH 

on the electrode, it is difficult to characterize the exact intercalation results for NiFe-

LDH/NF-US by using XRD analysis. However, as shown in Figure 2.4(b), the diffraction 

peak corresponding to (003) facet is shifted from 12.2° to a lower value of 11.8° after the 

ultrasound treatment in the formamide solution, indicating that inter-layer distance of 

NiFe LDH is increased to some extent. 

 

Figure 2.4 (a) XRD patterns of nickel foam (NF), NiO/NF, NiFe-LDH/NF, NiO@NiFe-

LDH/NF and NiO@NiFe-LDH/NF-US, (b) XRD patterns of NiO@NiFe-LDH/NF before 

and after ultrasound treatment in the range of 10-30 degree represent the diffraction peak 

corresponding to (003) is shifted from 12.2° to a lower value of 11.8° after ultrasound 

treatment in formamide solution. 
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Figure 2.5 (a) XPS survey spectra of NiO, NiO@NiFe-LDH, and NiO@NiFe-LDH-US 

catalysts. (b) XPS O 1s spectra; (c) Ni 2p spectra; and (d) Fe 2p spectra of NiO, 

NiO@NiFe-LDH, and NiO@NiFe-LDH-US catalysts. 

Table 2.2 The molar ratios of Ni/Fe on the surfaces of composites by XPS analysis. 

Materials 

Mass atomic % wt% 

O C Ni Fe O C Ni Fe 

Molar 

ratio of 

Ni : Fe 

NiO@NiFe-LDH 52.01 14.17 32.13 1.64 27.9 5.7 63.3 3.1 20:1 

NiO@NiFe-LDH-US 51.37 14.41 33.05 1.18 27.4 5.8 64.5 2.2 29:1 

Note: To convert mass atomic % to wt% were calculated by the equation: Weight of 

element = (Mass atomic% x molecular weight)/Avogadro‘s constant and wt% = (weight 

of element x 100%)/(total weight of composites) 
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Herein, the –C＝O group of formamide (HCONH2) can form strong hydrogen-bonding 

with hydroxyl slabs so that it is stable in LDH materials. To further confirm the chemical 

composition and the surface electronic states, XPS analyses of NiO, NiO@NiFe-LDH, 

and NiO@NiFe-LDH-US powders scratched down from NF were performed. As shown 

in Figure 2.5, all the Ni, Fe, and O elements can be defined. It should be noted that the 

XPS spectra have no obvious change for NiO@NiFe-LDH and NiO@NiFe-LDH-US 

powders since the intercalation could only expand the layer distance of NiFe-LDH but 

cannot change the surface electronic states. In the high-resolution XPS O 1s spectra of 

NiO (Figure 2.5(b)), two bonds are deconvolved, involving Ni-O bond at 528.8 eV and 

surface hydroxyl groups or oxygen vacancies (H-O bonds) at 530.5 eV. After coated by 

NiFe-LDH, it is obvious that the peak intensity of O-H bonds increases, indicating the 

NiFe-LDH shell covers NiO core. Furthermore, in the high-resolution XPS Ni 2p spectra 

(Figure 2.5(c)), the peaks at 872.5 and 854.8 eV correspond to Ni-O bounds. Meanwhile, 

in the high-resolution XPS Fe 2p spectra (Figure 2.5(d)), the peaks at 722.5 and 712.5 eV 

are assigned to Fe-OH bonds. These results indicate that the oxidation states of Ni and Fe 

elements in NiO@NiFe-LDH should include 2+ and 3+, respectively [27, 28]. Table 2.2 

shows the molar ratios of Ni/Fe on the surfaces of NiO@NiFe-LDH and NiO@NiFe-

LDH-US based on XPS analysis, which is almost consistent with the EDS analysis results 

(Table 2.1).  In addition, EDS analysis revealed that the molar ratio of Ni:Fe is about 4:1, 

which further confirms that the NiFe-LDH was successfully coated on NiO/NF electrode. 

2.3.2 Influence condition on the performance of NiO@NiFe-LDH/NF-US electrode. 

OER catalytic activities of the as-prepared electrocatalysts for OER were determined 

by measuring LSV curves in a 1.0 M KOH solution using a typical three-electrode system. 

The various NiO@NiFe-LDH/NF electrodes were prepared using different Ni/Fe initial 

molar ratios in the synthesis solutions to get the optimum Ni/Fe initial molar ratio at first. 

As shown in Figure 2.6, NiO@Ni4Fe1-LDH/NF shows the lowest apparent overpotential 

of 340 mV@50 mAcm-2.  
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Figure 2.6 LSV curves of NiO@NiFe-LDH/NF-US for OER with a scan rate of 5 mV s-

1 in 1.0 M KOH solution, where various mole ratios of Ni/Fe (1:1, 4:1, 9:1, 1:4) in initial 

solution for the synthsis of NiFe-LDH on the NF were used with scan rate 5 mV s-1 in 1 

M KOH. 

2.3.3 Catalytic activity, conductivity and stability analysis of electrodes. 

Figure 2.7(a), NiFe-LDH/NF exhibits much higher response current density than 

NiO/NF at the same overpotential, indicating that NiFe-LDH has higher electrocatalytic 

activity than NiO. As NiFe-LDH nanosheets are coated on NiO microflakes, the obtained 

NiO@NiFe-LDH/NF core-shell electrode shows a higher electrocatalytic activity, 

confirming a synergic effect of these two catalysts. Furthermore, as NiO@NiFe-LDH/NF 

core-shell electrode is in-situ intercalated, the apparent activity of NiO@NiFe-LDH/NF-

US is improved more and the apparent overpotentials as low as 210 and 325 mV at current 

densities of 10 and 40 mA cm-2 are achieved, respectively, which is even better than of 

benchmark catalyst IrO2 (225 mV@10 mA cm-2). [29] This result also confirms that the 

in-situ intercalation way is benefit to enhancing the performance of LDH materials coated 

electrode. [25] Table 2.3 compares the results on the apparent overpotential@10 mA cm-

2 obtained in this study with other reported Ni-based electrodes for OER in an alkaline 

solution. One can see that the NiO@NiFe-LDH/NF-US exhibits a lower apparent 

overpotential@10 mA cm-2 than many other Ni-based electrocatalysts such as Ni(OH)2 

(595 mV) [30], NiO/Ni (300 mV) [31], NiFe-LDH (240 mV) [32], NiO/NiFe2O4 (302 
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mV) [33].  The notably improved electrocatalytic performance of NiO@NiFe-LDH/NF-

US should arise from the special core-shell microstructure with numerous active sites for 

OER from NiO, NiFe-LDH and their defective interfaces for effective electrons transfer 

from NF as well as microchannels in the 3D structures for the diffusions of electrolyte 

and produced gas. To evaluate the kinetics for the OER, Tafel slops of the as-prepared 

electrocatalysts were obtained from the polarization curves. As shown in Figure 2.7(b), 

the Tafel slops of nickel foam (NF), NiO/NF, NiFe-LDH/NF, NiO@NiFe-LDH/NF, and 

NiO@NiFe-LDH/NF-US are 157.3, 155.8, 123, 80, and 72 mV dec-1, respectively. It 

should be noted that the Tafel slopes of both NiO@NiFe-LDH/NF and NiO@NiFe-

LDH/NF-US are lower than that of the benchmark electrocatalyst of IrO2 (89.2 and 149 

mV dec-1),[29, 34] demonstrating the favorable OER reaction kinetics with efficient 

electron and mass transfers between materials and electrolyte media solution in the 

system. [35, 36] As stated above, it should be attributed to the special NiO microflake @ 

NiFe-LDH nanosheet core-shell structure, which could provide a large surface area for 

the fast ion diffusion and more active sites for OER, and simultaneously provide an 

efficient pathway of electron transfer from the inner NiO microflake layer to the outer 

NiFe-LDH nanosheets. Chronopotentiometry (CP) plots (Figure. 2.7(c)) were also 

employed to measure the apparent overpotential of various electrodes for supporting 

current density of 10 mA cm-2 to avoid the influence of charging during LSV 

measurements. One can see that the NiO@NiFe-LDH/NF-US also shows the lowest 

apparent overpotential, indicating that NiFe-LDH coated on NiO microflakes enables an 

excellent electrical connection between them. In addition, as shown in Figure 2.7(d), the 

Nyquist plots by the electrochemical impedance spectra (EIS) analysis revealed that the 

NiO@NiFe-LDH/NF-US electrode (0.98 Ω) displays a smaller series resistance (Rs) than 

NiO@NiFe-LDH/NF one (1.26 Ω), indicating that the former catalyst has a better 

interface connection with the substrate. Thusly, the ultrathin NiFe-LDH nanosheets 

coated on NiO microflakes can effectively improve the whole electrical conductivity and 

such a unique heterostructure could provide an ideal pathway for electron transport 

without high kinetic limitation. [37] 
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Figure 2.7 (a) LSV curves of NiO/NF, NiFe-LDH/NF, NiO@NiFe-LDH/NF and 

NiO@NiFe-LDH/NF-US with a scan rate of 5 mV/s; (b) Tafel plots of NiO/NF, NiFe-

LDH/NF, NiO@NiFe-LDH/NF, and NiO@NiFe-LDH/NF-US collected in 1.0 M KOH 

electrolyte; (c) Chronopotentiometry lines of NiO/NF, NiFe-LDH/NF, NiO@NiFe-

LDH/NF and NiO@NiFe-LDH/NF-US at 10 mA cm-2 current density with a duration of 

1000 sec; (d) EIS spectra of NiFe-LDH@NiO/NF and NiFe-LDH@NiO/NF-US 

electrodes at an overpotential of 340 mV. 

To further understand the enhanced OER activity of NiO@NiFe-LDH/NF-US, 

electrochemical activity surface areas (ECSAs) of NF, NiO/NF, NiFe-LDH/NF, 

NiO@NiFe-LDH/NF, and NiO@NiFe-LDH/NF-US are calculated based on cyclic 

voltammetry (CV) test at various scan rates in the non-Faraday region (see Figure 2.8). 

The electrochemical double layer capacitance (Cdl) is estimated by plotting the Δj = (ja-

jc) at 1.07 V, where ja and jc are the anodic and cathodic current densities, respectively. 

The linear relationships of Cdl and scan rate (Figure 2.10a) represent that the slope of 

NiO@NiFe-LDH/NF-US core-shell electrode has higher capacitance (6.1 mF/cm2) than 

NiO@NiFe-LDH/NF (4.3 mF/cm2), NiFe-LDH/NF (3 mF/cm2), NiO/NF (2.2 mF/cm2) 
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or nickel foam (2.1 mF/cm2). Such a high ESCA means that more active sites can be 

exposed to the OER, which should be attributed to the special core-shell hetero-

architecture. As a result, it is favorable for water molecule adsorption and enhances the 

contact between the electrolyte and the active sites in the electrode. [38] The ECSA 

normalization electrocatalytic performance was evaluated by setting the ECSA of NF as 

1, and as such, the ECSAs of NiO@NiFe-LDH/NF-US, NiO@NiFe-LDH/NF, NiFe-

LDH/NF and NiO/NF are 3.05, 2.15, 1.5 and 1.1, respectively. The obtained OER 

polarization curves based on the normalized LSV current density of various electrodes 

based on the ESCA corresponding to Figure 2.10(a) are shown in Figure 2.9. Before 

ECSA normalization, the apparent overpotentials are 210 mV@10 mA cm-2 and 325 

mV@40 mA cm-2 for NiO@NiFe-LDH/NF-US. However, after ECSA normalization, 

these values become to 299 mV@10 mA cm-2 and 420mV@40mA cm-2. Similarly, after 

the ECSA normalization, the overpotentials of NiO@NiFe-LDH/NF, NiFe-LDH/NF and 

NiO/NF change to 320, 330, and 430 mV@10 mA cm-2 from 265, 297, and 400 mV@10 

mA cm-2, and 430, 444 and 549 mV @ 40mA cm-2 from 367, 396 amd 535 mV@ 40mA 

cm-2, respectively. It should be noted that after the ECSA normalization, the real 

overpotential difference of NiO@NiFe-LDH/NF-US and NiO@NiFe-LDH/NF becomes 

narrow (from 55 to 21 mV@10 mA cm-2), indicating that ECSA of the coated 

electrocatalysts on the NF plays the main role on the performance. Although formamide 

intercalating changes the microstructure of NiFe-LDH to some extent and is benefit to 

the diffusion of reactants and generated gases, it does not change the real active sites 

greatly.
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Figure 2.8 CV curves for determining electrochemical activity surface areas (ECSAs) of 

(a) nickel foam (NF) substrate, (b) NiO/NF, (c) NiFe-LDH/NF, (d) NiFe-LDH@NiO/NF 

and (e) NiFe-LDH@NiO/NF-US collected between potential range 1.024-1.124 V (vs 

RHE) with scan rate 5, 10, 20, 50, 70 and 100 mV/s respectively in 1M KOH solution. 

 

Figure 2.9 OER polarization curves of NF, NiO/NF, NiFe-LDH/NF, NiO@NiFe-

LDH/NF and NiO@NiFe-LDH/NF-US normalized based on ESCA. 
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Figure 2.10(b) shows the multi-step chronopotentiometry curve of NiO@NiFe-LDH/NF-

US, which was obtained by measuring it from the initial current density of 20 mA cm-2 

and ended at 200 mA cm-2 with an increased step of 20 mA cm-2 interval during 500 s 

data collection. It can be seen that the potential instantaneously levels off at 1.55 V at 20 

mA cm-2 and remains at a constant for the next 500 s, and other steps present similar 

results up to 200 mA cm-2. It demonstrates that NiO@NiFe-LDH/NF-US electrode has 

outstanding mass transport property and mechanical robustness.39,40 O2 evolution 

amounts based on the theoretical calculation and experimental results over NiO@NiFe-

LDH/NF-US coated electrode were also investigated. As shown in Figure 2.13, the fitted 

curve of theoretical O2 production amount is y1 = 0.00154X1 while the fitted curve of the 

measured O2 production amount is y2 = 0.00151X2, Thusly, the faradic efficiency is y2/y1 

= 0.00151/0.00154 ~ 98.1%. The long-term durability of NiO@NiFe-LDH/NF-US for 

OER was assessed by a chronoamperometry measurement for 50 h, in which the electrode 

worked at a current density of 50 mA cm-2 for 25 h at first and then, the current density 

was increased to 100 mA cm-2 for the other 25 h to verify if it can be applied for a large 

scale commercial utilization at a high current density. As shown in Figure. 2.10(c), the 

overpotential of this electrode remained almost unchanged under two relatively high 

current densities, Furthermore, as shown in Figures 2.11 and 2.12, the morphology and 

XRD pattern also remain almost unchanged. It indicates excellent stability of the 

NiO@NiFe-LDH/NF-US towards the OER.  

 

Figure 2.10 (a) Capacitive current vs scan rate at a potential range from 1.02 to 1.12 V 

(vs RHE) with different scan rates in the range of 5-100 mV/s; (b) Multi-current process 

of NiO@NiFe-LDH/NF-US electrode in 1.0 M KOH electrolyte ( The current density 

started from 20 mA/cm2 and ended at 200 mA/cm2 with an increment of 20 mA/cm2 

during 500 sec;  (c) Time-dependent chonopotentiometry curve of NiO@NiFe-LDH/NF-
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US at fixed current densities of 50 and 100 mA cm-2 with a total duration time of 50 h. 

 

Figure 2.11 SEM images of NiO@NiFe-LDH /NF-US with different magnifications after 

50 h long-term stability test. 

 

Figure 2.12 XRD patterns of NiO@NiFe-LDH/NF-US before and after 50 h long-term 

stability test. 
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Figure 2.13 evolution amounts based on the theoretical calculation and experimental 

results over NiO@NiFe-LDH/NF-US coated electrode. 

Summarily, the good performance of NiO@NiFe-LDH/NF-US based electrode should be 

attributed to a series of advantages of catalyst heterostructure and intercalation treatment. 

Firstly, in this study, it is believed that the NiO is effective for cleaving the HO–H bond 

in H2O molecule, [41] which could be a benefit for the conversion of adsorbed -OH to O2. 

Secondly, the interlayer distance of NiFe-LDH can be extended by formamide to expose 

more catalytic active sites and provide wider channels for the diffusions of electrolyte as 

well as generated gases. Thirdly, as revealed by the microstructure of composite, the good 

interface connection between them, facilitating electrons transferring from the catalyst 

array to the current collector during anodic polarization. Fourthly, the porous core/shell 

array configuration largely increases the amount of contact areas between the electrolyte 

and active sites, and simultaneously greatly facilitates ion and electron diffusions. 

Moreover, the inside NiO flakes not only serve as physical support for NiFe-LDH 

nanoarrays but also provide the channels for electron transport, and simultaneously, the 

highly porous NiFe-LDH nanosheets are well wrapped around the NiO flakes, which 

favors the exposure of more active sites and thus enhances the catalytic activity per 

geometric area. Fifthly, the open spaces between neighboring composite branches 

facilitate the diffusion of electrolytes and the generation of oxygen. Finally, the binder-

free nature avoids the increase of various transfer resistances, the blockage of active sites, 

and the inhibition of diffusion. 
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Table 2.3 Comparison of this work with the recently reported Ni-based electrodes for 

OER in alkaline solution. 

Catalysts η10 (mV) η50(mV) 

Tafel 

slope 

(mV/dec) 

Electrolyte Ref 

NiFe@NiO/NF 

(This work) 

210 

(ECSA:299) 

340 

(ECSA 

η40 :420) 

78 1M KOH 
This 

work 

Ni(OH)
2
 300 N/A 53 1M KOH [11] 

Ni(OH)2 595 N/A N/A 1M KOH [41] 

NiOx 330 N/A 54 1M KOH [11] 

NiO/Ni 345 N/A 53 1M KOH [31] 

Fe dope NiO 

nanotube 
418 N/A 56 1M KOH 

[42] 

Fe dope β-Ni(OH)
2
 260 N/A 32 1MKOH [43] 

NiO/NiFe2O4 302 N/A 42 1M KOH [33] 

NiO-NiFe
2
O

4
/rGO 296 N/A 43 1M KOH [44] 

NiFe-LDH 224 N/A 52.8 1M KOH [26] 

NiFe-LDH-US 203 230 42 1M KOH [26] 

NiFe LDH 240 N/A N/A 1M KOH [32] 

Β-Ni(OH)2 

nanoparticle 
390 N/A 65 1M KOH 

[45] 

NiCo-LDH 420 N/A 113 1M KOH [46] 

NiCo2O4 290 N/A 53 1M NaOH [47] 

Ni2.0Mo0.26@NC 310 N/A 62.7 1M KOH [48] 
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2.4 CONCLUSION 

NiO microflake@NiFe-LDH nanosheet heterostructure electrocatalysts for OER in 

electrochemical water splitting process were successfully fabricated by using a two-step 

hydrothermal synthesis followed by a calcination process. The obtained electrocatalysts 

with a 3D porous structure showed high-performance for OER with a low apparent 

overpotential of 265 mV@10 mA cm-2. As the NiO@NiFe-LDH coated electrode was 

further treated in organic solution via ultrasound for in-situ intercalation, the charge 

transition resistance was obviously reduced and the required apparent overpotential@10 

mA cm-2 was reduced from 265 to 210 mV with a small Tafel slope 72 mV dec-1 in 

alkaline media solution. Furthermore, the optimized NiO@NiFe-LDH composite 

exhibited excellent long-term stability in 50 h even at high current densities of 50 and 100 

mA cm-2. The synergistic interactions between NiO microflakes and NiFe-LDH 

nanosheets and the special 3D nanostructure are considered to contribute to the enhanced 

activity for OER. This study provided a facial way to fabricate low-cost electrocatalysts 

with high activity as well as stability. 
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CHAPTER 3 Terephthalic Acid Induced Binder-free 

NiCoP-carbon Nanocomposite for Highly Efficient 

Electrocatalysis of Hydrogen Evolution Reaction 

3.1 INTRODUCTION 

The large-scale use of fossil fuels in past years has caused serious environmental pollution 

and global warming. It is time to use renewable energy such as wind and solar energy to 

replace fossil energy. However, except the biomass energy, almost all other renewable 

energy is unstable and not so easy to be effectively used. One of the promising ways is to 

use the unstable electricity to split water for the production of hydrogen, an 

environmentally friendly fuel, which can be widely applied in a hydrogen society. Water 

electrolysis is a traditional and simple way to produce hydrogen, however, limited 

efficiency of electrolysis and usage of expensive electrodes hinder its wider 

implementation in society. In the water electrolysis process, two half-reactions, i.e., 

hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) are included. 

[1] Both need electrocatalysts with high activity and stability. To date, Pt-based materials 

are still the most efficient catalysts with superior stability for HER. However, the high 

cost and scarcity of Pt hinder its large-scale application. [2, 3] As such, many researchers 

devote themselves to finding inexpensive but highly efficient electrocatalysts such as 

transition metal carbides, transition metal sulfides [4, 5], and transition metal phosphide 

for HER in a wide pH range. [6-8]  

Transition metal phosphides (TMPs) are a family of earth-abundant materials with an 

outstanding excellent electrocatalytic performance for HER since their appropriate 

surface structure can provide rich proton acceptor sites for the moderately affinitive 

adsorption of the H atoms and the desorption of H2 gas. Especially, the iron triad 

phosphides have been identified to have high electrocatalytic activity toward HER. [9, 

10] TMPs mainly include iron, cobalt, and nickel phosphides and their binary or ternary 

mixtures with various morphologies such as nanorods, nanosheets, nanospheres, and so 

on. [11] Among them, nickel phosphide (Ni2P) exhibited the highest activity in the acid 

electrolyte. [12] However, the strongly acidic environment usually results in the erosion 

of electrolysis devices, and simultaneously the acid vapor could contaminate the produced 
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H2 gas during the electrolysis process. Thus, it has more advantages by designing novel 

electrocatalysts working in either the alkaline or even neutral electrolytes. Recently, it is 

found that the bimetal phosphides could show higher activity for HER than the single 

metal ones since the redistributions of the valence electrons among the binary transition 

metal atoms could generate more active sites, leading to the increase of the HER catalytic 

efficiency. [13, 14] Recently, it is found that the three-dimensional (3D)-NiCoP catalyst 

had an excellent activity in both acid and alkaline electrolytes. [15] 

To stabilize the active sites and improve the conductivity of HER electrocatalysts, 

combining TMPs with conductive materials such as carbon-based materials is considered 

an effective way. Moreover, the synergic interaction between carbon and catalysts could 

decrease the adsorption energy of the active species and prevent the catalyst erosion 

during electrolysis, resulting in lower overpotential and higher stability for the 

electrocatalysis. For instance, by using glucose as the carbon resource, the obtained 

carbon-coated nickel phosphide nanosheet array electrode showed overpotentials of 144 

mV@10 mA•cm-2 in 1 M KOH solution and 110 mV@10 mA•cm-2 in 0.5 M H2SO4 

electrolyte. [16] Meanwhile, the cobalt phosphide (CoP) combined with carbon nanotube 

(CoP-CNT) exhibited an overpotential of 122 mV@10 mA•cm-2 in 0.5 M H2SO4 

electrolyte. [17] Recently, it is found that NiCoP bimetallic phosphate derived from the 

phosphorization of metal-organic frameworks (MOFs) for HER had overpotentials of 105 

mV [18] in 0.5 M H2SO4 electrolyte and 124 mV in 1.0 M KOH solution [19] at the 

current density of 10 mA•cm-2, respectively. The performance of such bimetallic 

phosphates could be also improved by combining with carbon. [16, 17, 20, 21]  

Herein, binder-free NiCoP-carbon nanocomposite (denoted as NiCoP-C(TPA)) film with 

unique nanostructure was fabricated on Nickel form (NF) by deposition of a terephthalic 

acid derived NiCo bimetallic compound precursor film on NF with a hydrothermal 

synthesis process, followed by carbonization in Ar atmosphere and phosphorization 

treatment with NaH2PO4. The obtained electrocatalysts were characterized by X-ray 

diffraction (XRD), scanning electron microscope (SEM) with an energy dispersive X-ray 

(EDX) detector, high-resolution transmission electron microscope (TEM), high-

resolution Raman spectroscopy, Fourier transform infrared spectrometer (FT-IR), and X-

ray photoelectron spectroscopy (XPS). The HER activity was evaluated by using linear 

sweep voltammetry (LSV) in acidic, alkaline, and neutral electrolytes. Moreover, the 
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long-term stability was tested at current densities of both 10 and 100 mA cm-2, and a 

cyclic voltammetry test was also conducted for 1000 cycles. For comparison, 

monometallic phosphides of NiP-C(TPA) and CoP-C(TPA) coated NF electrodes were 

also fabricated. The effects of the molar ratio of Ni/Co and carbonization temperatures 

were also investigated. It is expected to provide novel bimetallic phosphide based 

electrocatalysts with high activity and stability for HER in the water splitting process. 

3.2 EXPERIMENT 

3.2.1 Chemicals and materials 

Nickel (II) nitrate hexahydrate (Ni(NO3)2•6H2O, 98%), cobalt (II) nitrate hexahydrate 

(Co(NO3)2•6H2O, 99.9%), sodium dihydrogen phosphate dihydrate (NaH2PO4•2H2O, 

99%), disodium hydrogen phosphate (NaH2PO4, 99%), sulfuric acid (H2SO4, 97%), 

hydrochloric acid (HCl) and ethanol (C2H5OH, 99.5%) were purchased from Wako, 

Japan. Terephthalic acid (99%), malonic acid (99%), adipic acid (99%), and N, N-

dimethyl acetamide (99%) were purchased from Tokyo Chemical Industry Co., Ltd. 

Sodium monophosphate (NaH2PO2) for phosphorization was purchased from Sigma-

Aldrich, Japan. De-ionized water (18.2 MΩ cm) was used in all experiments. Nickel foam 

(NF, thickness: 1.5 nm, bulk density: 0.23 g/cm3 number of pores per inch: 110) was 

purchased from MTI, Japan. 

3.2.2 Synthesis of organic acid derived NiCo bimetallic compound film on NF 

The nickel foam (size: 2 x 2 cm2) was pretreated by HCl (1.0 M) to remove the native 

surface oxide layer and then ultrasonically washed in de-ionized water and ethanol for 

several times and dried. In a typical synthesis process, 0.6 mmol of nickel nitrate, 0.4 

mmol of cobalt nitrate, and 0.2 mmol of terephthalic acid (TPA) were dissolved in 25 mL 

of the mixture of N, N-dimethyl acetamide (DMAc), and ethanol with a molar ratio of 5/3 

and then stirred for 30 min. The solution was then transferred into a Teflon-lined 

autoclave to immerse the pre-treat nickel foam. Thereafter, the hydrothermal synthesis 

was performed at 150 °C for 20 h. After cooled down to room temperature, the nickel 

foam was taken out from the Teflon-lined autoclave and washed by water and ethanol 

successively. After dried in a vacuum oven at 60 °C for 12 h, the TPA derived NiCo 

bimetallic compound film-coated NF electrode was obtained. This material is denoted as 
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NiCo(TPA)/NF. For comparison, monometallic Ni(TPA)/NF and Co(TPA)/NF were also 

prepared. Before phosphorization treatment, the obtained NiCo(TPA)/NF electrode was 

carbonized in a tube furnace at 500 °C for 3 h in Ar atmosphere with a heating rate of 

2°C/min to increase the crystallinity of materials and simultaneously to form conductive 

carbon species in the NiCo bimetallic compound. The obtained electrode at this stage is 

denoted as NiCo-C(TPA)/NF.  Similarly, For comparison, monometallic Ni(TPA)/NF 

and Co(TPA)/NF electrodes were also carbonized in Ar atmosphere with the same 

conditions to obtain Ni-C(TPA)/NF and Co-C(TPA)/NF electrodes. For comparison, the 

calcination in air at the same conditions was also performed and the obtained electrode is 

denoted as NiCoO(TPA)/NF.  

In addition, to investigate the effect of carbonization temperature in Ar atmosphere on the 

final electrocatalytic performance, the obtained NiCo(TPA)/NF electrodes were also 

carbonized in a tube furnace at different temperatures. As shown in Figure 3.4, the NiCo-

C(TPA) obtained at the carbonization temperature of 500 °C exhibited the best 

performance. Thus, the NiCo-C(TPA) obtained by the carbonization temperature was 

used for further study. 

3.2.3 Phosphorization for the preparation of NiCoP-C(TPA)/NF electrode 

The phosphorization was performed in a tube furnace with an Ar gas flow rate of 60 

cm3/min. Before the phosphorization, the above obtained NiCo-C(TPA)/NF electrode 

was cut into a size of 2 x 1 cm2 at first and then put in a porcelain combustion boat at the 

downflow side of the tube furnace. Meanwhile, 1.0 g of NaH2PO2 was put in the up-flow 

side of the tube furnace. The phosphorization time was 3 h at a temperature of 300 °C 

with a heating rate of 2 °C/min. 
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Figure 3.1 Schematic illustration of NiCoP-C(TPA)/NF electrode fabrication. 

3.2.4 Characterizations 

The morphologies of various samples were characterized by a scanning electron 

microscope (SEM, SU8010, HITACHI, JAPAN) with an energy dispersive X-ray 

detector (EDS, Horiba Scientific) and the nanostructures were observed by a transmission 

electron microscope (TEM, JEM-2100F, JEOL). Before the TEM observation, the sample 

was well dispersed on a Cu grid mesh (Japan, Nisshin EM Co., Ltd. Tokyo). The powder 

X-ray diffraction (XRD) analysis was performed on a Rigaku Smartlab diffractometer 

(Japan) with Cu-Kα as the radiation source (λ=0.15406 nm) in a range of 20°-80° to 

determine the crystalline structure. X-ray photoelectron spectroscopy (XPS) spectrum 

was measured at room temperature using a VG Scientific ESCALab250i-XL instrument 

with an Al-Kα X-ray source. Fourier transformed infrared (FT-IR) spectrum was obtained 

in transmission mode on a Jasco FT-IR-4200 spectrometer (Japan) with a wavenumber 

range of 4000-400 cm-1. The carbon states in the electrocatalysts were measured by using 

a Raman spectrophotometer (NRS 5100, Jasco, Japan) equipping a laser source of 532 

nm. 

3.2.5 Electrochemical measurements 

Electrochemical measurements were conducted on an electrochemical workstation 

(potentiostat) with a three-electrode system at room temperature in 1.0 M KOH (pH=14), 

0.5 M H2SO4 (pH=1), and 1.0 M phosphate-buffered saline (PBS, pH=7) solutions, 

respectively. Carbon rod and Hg/HgO electrode (for alkaline electrolyte) or and Ag/AgCl 

electrode (for acidic and neutral electrolytes) and the obtained electrode (1 x 1 cm2) were 
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used as the counter electrode, the reference electrode and the working electrode, 

respectively. Herein, HER performance was evaluated by using linear sweep voltammetry 

(LSV) with a scan rate of 1 mV s-1 at a potential range of 0 to -0.6 V (vs RHE). 

Electrochemical impedance spectroscopy (EIS) measurement was carried out with a 

frequency range from 100 kHz to 0.01 Hz at an overpotential of 200 mV. The potential 

in the alkaline electrolyte with respect to the reversible hydrogen electrode (RHE) was 

calculated by: E (V vs RHE) = E (Hg/HgO) + (0.059 x pH) + 0.098V whereas those in 

acidic and neutral electrolytes were calculated by: E (V vs RHE) = E(Ag/AgCl) + (0.059 

x pH) + 0.197). The electrochemical active surface area (ECSA) of various 

electrocatalysts at non-faradaic overpotentials was measured by cyclic voltammetry (CV) 

at a potential range of 0.1-0.3 V vs. RHE. The Cdl was estimated by plotting current 

density at different scan rate (ΔJ = Ja-Jc) at a potential of 0.2 V. The stability tests were 

performed in three ways: (i) chronoamperometry measurement at a fixed overpotential of 

78 mV for 20 h; (ii) chronopotentiometry measurement at a fixed current density of -100 

mA cm-2 for 20 h; and (iii) cyclic voltammetry test at a potential range from 0.1 to -0.3 V 

(vs RHE) for 1000 cycles. 

3.3 RESULTS AND DISCUSSION 

3.3.1 Influence of preparation parameters on HER catalytic performance 

HER Performance 

To investigate the effect of the kinds of organic dicarboxylic acids on the formation of 

NiCo bimetallic compound film on the NF, terephthalic acid, and other two organic acids 

without benzene ring in their molecule structures, i.e., malonic acid and adipic acid, were 

used. The obtained electrodes are denoted as NiCo(Malonic)/NF and NiCo(Adipic)/NF 

respectively. However, as shown in Fig. 3.2 and Table 3.1, NiCo(TPA)/NF electrode 

showed an overpotential of 232 mV@10mAcm-2 and a Tafel slope of 130 mVdec-1, which 

was lower than the other two. Thus, TPA derived NiCo bimetallic compound films were 

selected for further study.  
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Figure 3.2 Electrochemical evaluation of three organic acid derived NiCo(organic 

compound) films on nickel foam electrode before calcination: (A) LSV polarization 

curves for HER; (B) Tafel slopes in 1.0 M KOH electrolyte at a scan rate of 1 mV s-1. 

To investigate the effects of the molar ratio of Ni/Co in the initial synthesis solution, three 

Ni/Co initial molar ratios of 1/1, 2/3, and 3/2 were used. The obtained NiCo(TPA)/NF 

electrodes were calcined in a tube furnace at 500 °C for 3 h in Ar atmosphere with a 

heating rate of 2°C/min. As shown in Figure 3.3 and Table 3.2, NiCo-C(TPA) based on 

the Ni/Co initial molar ratio of 3/2, i.e., Ni0.6Co0.4-C(TPA), exhibited the best 

electrocatalytic performance. Thus, the NiCoP-C(TPA) obtained by this Ni/Co initial 

molar ratio was used for further study. 

 

Figure 3.3 Electrochemical evaluation of NiCo-C(TPA)/NF electrodes with different 

mole ratios of Ni/Co: (A) LSV polarization curves for HER; (B) Tafel slopes in 1.0 M 

KOH electrolyte at a scan rate of 1 mV s-1. 
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Table 3.1 Summary of the overpotentials @ 10 mA cm-2 current density and the 

corresponding Tafel slope of the three organic acid derived NiCo(organic compound) 

films on nickel foam electrodes in Figure 6. 

Electrode Organic acid 
Overpotential 

(mV @10mA/cm
2
) 

Tafel slope 

(mVdec-1) 

NiCo(Malonic)/NF 
 

320 137.7 

NiCo(Adipic)/NF 
 

277.4 136 

NiCo(TPA)/NF 
 

232 130.7 

 

 

Table 3.2 Summary of the overpotentials @ 10 mA cm-2 current density and the 

corresponding Tafel slopes of NiCo-C(TPA)/NF electrodes with different Ni/Co molar 

ratios in Figure S2. 

 

 

Electrode 
Overpotential 

(mV@10mA/cm2) 

Tafel slope 

(mVdec-1) 

Ni0.5Co0.5-C(TPA)/NF 208 129 

Ni0.4Co0.6-C(TPA)/NF 147 133 

Ni0.6Co0.4-C(TPA)/NF 133 102 
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3.3.2 Microstructure and composition analysis of NiCoP-C(TPA)/NF catalyst. 

Scheme 3.1 illustrates the NiCoP-C(TPA)/NF fabrication process. In the first step, DMAc 

is used to dissolve TPA powder with EtOH, and serves for the deprotonation of TPA. 

Meanwhile, the two carboxylate groups on TPA could preferentially coordinate to Ni2+ 

and Co2+ during the deprotonation process. [22] As such, with the assistance of TPA, 

NiCo bimetallic compound film was densely and uniformly formed on the surface of NF 

(Figure 3.4) via the hydrothermal synthesis firstly, which is called NiCo(TPA) film. Then, 

it was carbonized at 500 °C in the Ar gas flow, and carbon species contained bimetallic 

compound (NiCo-C(TPA) with porous structure was achieved (Figure 3.6A).  Finally, 

after the phosphorization in the tube furnace at 300 °C, a NiCoP-C(TPA)/NF electrode 

with nanorod structure (Figure 3.6B) was obtained. Figure 3.4 shows the Raman spectrum 

of NiCo-(TPA) film after the hydrothermal synthesis. Four typical peaks at 1606 cm-1, 

1431 cm-1, 1163 cm-1, and 858 cm-1 correspondings to the C-H group in benzene 

dicarboxylate (BDC2-) [23] indicated that TPA was combined in the NiCo(TPA)film. In 

addition, when comparing FT-IR spectra of pure TPA and NiCo(TPA) film (Figure S6), 

a weak absorption peak 1500 cm-1 attributed to the ѵ(C=C) stretch of the benzene ring in 

TPA also maintained in the NiCo(TPA) film. Moreover, the strong characteristic peak of 

C=O at 1690 cm-1 in pure TPA did not appear in the NiCo(TPA) film, but two peaks at 

1580 cm-1 and 1357 cm-1  assigned to the asymmetric and symmetric stretching modes of 

the coordinated COO group, respectively, were observed, which indicated the 

coordination between the carboxyl groups of benzene dicarboxylate with Ni and Co. It 

also corresponded to the FT-IR spectrum of pure TPA. [24] Figure 3.6C shows EDS 

mapping of the surface of NiCoP-C(TPA)/NF electrode.  

   One can see that Ni, Co, and P species were homogeneously distributed on the surface, 

indicating that terephthalic acid served as the good linker to Ni and Co elements. In the 

HRTEM image (left figure in Figure 3.6D), a carbon layer with a graphite structure was 

found in NiCoP-C(TPA), which should be derived from the thermal decomposition of 

terephthalic acid. As shown in Figure 3.5, SEM and TEM images of NiP-C(TPA) and 

CoP-C(TPA) were different from those of NiCoP-C(TPA), but NiP and CoP particles 

were found in the carbon matrixes. Thus, the combination of Ni and Co resulted in 

different morphology of NiCoP-C(TPA), which could also affect the electrocatalytic 

performance. Obviously, the Ni-Co bimetallic phosphide composite had a higher activity 
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for HER due to the special nanostructure with the possible synergistic effect. [25, 26] 

Moreover, Figure 3.6E shows the Raman spectra of NiCo-C(TPA) and NiCoP-C(TPA), 

in which the two board peaks are located at around 1350 cm-1 and 1585 cm-1 were 

observed, corresponding to the D-band and G-band of graphitic carbon, respectively. One 

can see that the ID/IG ratio increased from 0.93 to 0.955 after the phosphorization, 

indicating that the crystalline structure was slightly enhanced. The formation of graphitic 

carbon on the surface of bimetallic phosphide nanoparticles and the high degree of 

graphitization should improve the electroconductivity and enhance the electrocatalytic 

activity. [27, 28] Moreover, the intensity ratio of ID/IG is often used to evaluate the fraction 

of the defects in the graphitic materials, and the higher value of ID/IG, the more defective 

carbon structures there are. It is a benefit for the activity enhancement. Meanwhile, as 

shown in the right HRTEM image of Figure 3.6D, the well-resolved lattice fringe with 

the inter-planar spacing of 0.22 nm corresponded to the (111) lattice plans of hexagonal 

NiCoP, [29] which was in agreement with the XRD analysis result as shown in Fig. 3.8A 

in the following. The crystal structure of NiCoP-C(TPA) was characterized by XRD. As 

shown in Figure 3.8A, the wide peak in the range of 20-30° corresponded to the carbon, 

and the characteristic diffraction of (111), (201), (210), (300), (211) and (222) 

corresponding to the hexagonal NiCoP (JCDP no. 71-2336) were observed. Meanwhile, 

as shown in Figure 3.7, as NiCo(TPA) was carbonized at 500 °C in the Ar gas flow, the 

typical diffraction peaks at 44.8°, 51.83°, and 76.35° were well indexed to the (111), (200) 
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and (220) planes of NiCo alloy [30, 31] indicating that the bimetallic NiCo alloy was 

formed in the carbonization process. 

 

 

Figure 3.4 (A and B) SEM image of NiCo-(TPA) film after the hydrothermal synthesis 

but without calcination process at (A) 5µm and (B) 2µm. (c) Raman spectra of 

NiCo(TPA) before calcination. (D) FT-IR spectra of pure terephthalic acid (TPA), 

NiCo(TPA) before calcination, NiCo-C(TPA) and NiCoP-C(TPA). 
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Figure 3.5 SEM images of (A) NiP-C(TPA) (B) CoP-C(TPA). TEM images of (A', A'') 

NiP-C(TPA) and (B', B'') CoP-C(TPA). 

 

Figure 3.6 (A, B) SEM images of (A) NiCo-C(TPA)/NF and (B) NiCoP-C(TPA)/NF; 

(C) EDS mapping of NiCoP-C(TPA)/NF; (D) TEM and HRTEM images of NiCoP-

(TPA)/NF;(E) Raman spectra of NiCo-C(TPA)/NF and NiCoP-C(TPA)/NF. 
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The surface states of NiCo-C(TPA) and NiCoP-C(TPA) films were further investigated 

by XPS. As shown in Figure 3.8B, the XPS survey spectrum NiCo-C(TPA) had main 

peaks at 286, 532, 780, and 856 eV, which assigned to C 1s, O 1s, Co 2p, and Ni 2p 

transitions. Besides, for the NiCoP-C(TPA) film, a peak at 134.6 eV related to the P 2p 

transition was additionally observed. In the high-resolution Ni 2p spectra (Figure 2C), 

two main peaks at a binding energy of 856.9 eV and 874 eV in the NiCo-C(TPA) film 

shifted to 857.2 eV and 875 eV after the phosphorization, which is assigned to the Ni 

2p3/2 and Ni 2p1/2 transitions, for Ni2+ species, respectively. [32] Similarly, in the high-

resolution Co 2p spectra (Figure 2D), two typical peaks at a binding energy of 781.5 eV 

and 796 eV in the NiCo-C(TPA)film also shifted to 782.4 eV and 798.5 eV in the NiCoP-

C(TPA), which are assigned to the Co 2p3/2 and Co 2p1/2 transitions, for Co2+ species, 

respectively. [19, 32] The shifting could have resulted from the change of electronic states 

due to the interaction between P and metal during the phosphorization. Meanwhile, the 

two satellites were observed in Figures 3.8C and 3.8D, which should be related to the 

surface oxidation with the formation of Ni-O and Co-O species due to the exposure of 

sample in air. Moreover, metallic states of Ni (Ni0) and Co (Co0) were also confirmed, 

which could enhance the electron transfer from NiCo alloy to P and this is favorable for 

the adsorption and desorption of reactant and product molecules during the electrolysis. 

[33] The P 2p spectrum (Figure 3.8E) shows one peak at a low binding energy of 129.2 



80 

 

eV and 131 eV associated with metal phosphides and the other peak at a high binding 

energy of 134.2 eV associated with the oxidization of P species. [34] 

 

Figure 3.7 (A) XRD patterns of Co-C(TPA), Ni-C(TPA), NiCo-C(TPA) and NiCoP-

C(TPA). (B) The corresponding magnification region with 2ϴ ranging from 42º to 48º. 

 

Figure 3.8 (A) XRD pattern of NiCoP-C(TPA); (B) Survey XPS spectra of NiCo-C(TPA) 

and NiCoP-C(TPA); and the related XPS spectra of (C) Ni 2p, (D) Co 2p, (E) P 2p in 

NiCoP-C(TPA). 



81 

 

3.3.3 Catalytic activity, conductivity and stability analysis of electrodes. 

HER activities of NiCoP-C(TPA)/NF and other related samples were evaluated in 1 M 

KOH electrolyte, and the LSV polarization curves are shown in Figure 3.9A. A 20%wt 

Pt/C coated on NF electrode exhibited high HER performance with very low onset 

potential. However, as the current density was increased over 200 mA/cm2, since a large 

amount of H2 was generated, the coated 20 wt% Pt/C catalysts begun to fall off from the 

substrate. In comparison, the in-situ grown NiCoP-C(TPA)/NF electrodes can work at the 

higher current density and no catalyst fall-off phenomenon was observed. Herein, the 

NiCoP-C(TPA)/NF electrode exhibited an overpotential as low as 78 mV at the 10 mA 

cm-2 current density, which was much lower than those of NF (267 mV), Co-C(TPA)/NF 

(247 mV), Ni-C(TPA)/NF (193 mV), CoP-C(TPA)/NF (200 mv), NiP-C(TPA)/NF (137 

mv)  and NiCo-C(TPA)/NF (133 mV). Moreover, its overpotential was lower than most 

of the reported transition metal phosphides (Table 3.5). Meanwhile, the HER kinetics 

were investigated by the Tafel plots based on the corresponding LSV polarization curves. 

As shown in Figure 3.9B,  the linear fitting resulted in a small Tafel slope of 73.4 mV 

dec-1, which was also much smaller than NF (255.2 mV dec-1), Co-C(TPA)/NF (173.9 

mV dec-1), CoP-C(TPA)/NF (162.8 mV dec-1), Ni-C(TPA)/NF(170.5 mV dec-1), NiP-

C(TPA)/NF(113 mV dec-1), and NiCo-C(TPA)/NF(107.4 mV dec-1). This much smaller 

Tafel slope indicates that the NiCoP-C(TPA) had more rapid reaction kinetics, which was 

better than or comparable to those reported transition metal phosphides (Table 3.5). Tafel 

slope can be also directly measured by an electrochemical workstation (Potentiostat) with 

a three-electrode system in 1 M KOH electrolyte, in which Pt wire, Hg/HgO electrode, 

and the prepared electrode were used as the counter electrode, reference electrode, and 

working electrode, respectively. In this case, the Tafel slop was estimated by remaining 

the potential range as that in the LSV test with a step height of 0.5 mV, a step time of 3 

s, and an ultra-low scan rate of 0.1 mV/s. As shown in Figure 3.10, the Tafel slopes for 

NiCoP-C(TPA)/NF and 20%wt Pt/C/NF directly measured from the potentiostat 

workstation were 69 mV/dec and 30.2 mV/dec (which is close to the theoretical Tafel 

slope Pt/C, i.e., 30 mV/dec), respectively. From Figure 3.10 and Table 3.3, one can see 

that the difference of the Tafel slopes obtained by using the two methods was not so 

significant. More discussion on this can be found in the supporting information. 



82 

 

 

Figure 3.9 Electrocatalytic performances of various samples in HER. (A) LSV 

polarization curves at a scan rate of 1 mV s-1 collected in 1 M KOH electrolyte. (B) 

Corresponding Tafel plots are derived from the LSV curves in (A). (C) EIS Nyquist plots 

of various electrodes at an overpotential of 200 mV in 1 M KOH electrolyte. (D) Enlarged 

Nyquist plots of CoP-C(TPA)/NF, NiP-C(TPA)/NF, NiCo-C(TPA)/NF and NiCoP-

C(TPA)/NF in (C). 

 

Figure 3.10 (A) Tafel curves converted from voltammogram. (B) Tafel curves were 

obtained by directly measuring the Tafel characteristics using the electrochemical 

workstation. (C) Estimated Tafel data for evaluation of the reaction rate-determining step 

(selection of NiCoP-(TPA)/NF and 20%wt Pt/C coated NF as the examples). 
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Table 3.3 Comparison Tafel slopes from two different techniques-based Figure 3.10. 

Catalyst 
Tafel slope from 

voltammogram 

Tafel slope directly 

from electrochemical station 

20%wt Pt/C 37.59 30.2 

NiCoP-C(TPA)/NF 73.4 69 

NiCo-C(TPA)/NF 107.4 105 

NiP-C(TPA)/NF 113 109.5 

CoP-C(TPA)/NF 162.8 130 

Ni-C(TPA)/NF 170.5 131.2 

Co-C(TPA)/NF 173.9 151.6 

Nickel foam (NF) 255.2 217.7 

The interfacial resistance between electrode-electrolyte and the electrode kinetics during 

HER were evaluated by EIS. In general, the reaction rate on the electrode is controlled by 

the charge transfer resistance (Rct), and the lower Rct means the faster reaction rate. As 

shown in Figure 3.9(C), Rct of the electrochemical reaction corresponded to the semicircle 

in high frequency and the slope line in the low frequency of the Nyquist plot related to 

the electrode surface kinetics. One can see that the NiCoP-C(TPA)/NF electrode 

possessed a much smaller charge transfer resistance (Rct) of ~ 1.38 Ω than the NiCo-

C(TPA)/NF (2.28 Ω), NiP-C(TPA)/NF (3.37 Ω), and CoP-C(TPA)/NF (5.29 Ω). The 

lower Rct value for NiCoP-C(TPA)/NF electrode implied it had better charge 

transferability and higher catalytic activity for HER when compared with others, which 

should be mainly resulted from the unique nanostructure of NiCoP-C and proper 

synergistic contribution of Ni, Co, P and C species. [35] Especially, the incorporation of 

graphitic carbon with the NiCoP and the synergistic effect formed between them led to 

the excellent electrical conductivity, further resulting in a smaller Tafel slope. In addition, 

Figure 3.9D shows the enlarged EIS curves from CoP-C(TPA)/NF, NiP-C(TPA)/NF, 

NiCo-C(TPA)/NF and NiCoP-C(TPA)/NF electrodes, in which a smaller series resistance 

(Rs) of the NiCoP-C(TPA)/NF electrode was observed. It confirmed that the NiCoP-
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C(TPA) electrocatalyst layer is electrically contacted with the substrate very well, 

ensuring good electrical contacts and mechanical stability, which should be also 

beneficial for the superior stability as shown in the following. Thus, the bimetallic 

phosphide catalysts covered by carbon layer can improve charge conductivity and 

electron transfer kinetics in the interface.  

The electrochemical double-layer capacitance (Cdl) is proportional to the 

electrochemically active surface area (ECSA) and the roughness, which can be measured 

using the cyclic voltammetry (CV) method by recording the cyclic voltammetry at 

different scan rates. Based on the results measured in a  potential window between 0.1-

0.3 V (vs RHE) at the current density ranged from 5 to 100 mV s-1 (Figures  3.11A, B, 

C), the NiCoP-C(TPA)/NF electrode exhibited the highest Cdl of 60 mF cm-2, which was 

nearly 5 and 30 times higher than those of the NiCo-C(TPA)/NF (12.8 mF cm-2) and NF 

(1.9 mF cm-2), respectively, indicating that the phosphorization is an important way to 

improve the ECSA of bimetallic materials.  Herein, the higher ECSA indicates exposure 

of more numbers of active sites in NiCoP-C(TPA). The ECSA normalized electrocatalytic 

performance was evaluated by setting the ECSA of NF as 1, and as such, the ECSAs of 

NiCo-C(TPA)/NF and NiCoP-C(TPA)/NF were 6.74 and 31.6, respectively. The 

obtained HER polarization curves based on the normalized LSV current density of the 

electrodes based on the ESCA corresponding to Figure 3.6(A) are shown in Figure 3.11 

(E). Before ECSA normalization, the apparent overpotentials are 133 mV@10 mA cm-2 

and 78 mV@10 mA cm-2 for the NiCo-C(TPA)/NF and NiCoP-C(TPA)/NF, respectively. 

However, after ECSA normalization, these values became 178 mV@10 mA cm-2 and 

120.3 mV@10mA cm-2. It should be noted that after the ECSA normalization, the real 

overpotential difference of the NiCo-C(TPA)/NF and NiCoP-C(TPA)/NF was still large, 

indicating that ECSA of the coated electrocatalysts on the NF plays the main role in the 

performance. In addition, the roughness factor (Rf) of NF, NiCo-C(TPA)/NF and NiCoP-

C(TPA)/NF was calculated to be 0.0475×103, 0.32×103, and 1.5×103, respectively (Table 

3.4), also indicated that NiCoP-C(TPA) had the highest roughness, which could provide 

more active sites. [36, 37] 
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Figure 3.11 Cyclic voltammograms of (A) nickel foam (NF), (B) NiCo-C(TPA)/NF, (C) 

NiCoP-C(TPA)/NF collected between a potential range of 0.1-0.3V (vs RHE) with scan 

rates of 5, 10, 20, 40, 60, 80, 100 mV/s, respectively in 1 M KOH electrolyte. (D) 

Dependence of current on the scan rate at different double layer capacitances for the 

estimation of the electrochemical surface area. (E) LSV polarization curve normalized 

based on ECSA. 
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Table 3.4 Calculated ECSA and roughness of surface (Rf) of the samples in Figure S8. 

Electrode 

Cdl 

(mF cm-

2) 

Cs 

(mF cm-2) 

ECSA 

(×103) 

GSA 

(cm2) 

Rf 

(×103) 

Nickel foam (NF) 1.9 0.04 0.0475 1.00 0.0475 

NiCo-C(TPA)/NF 12.8 0.04 0.320 1.00 0.320 

NiCoP-C(TPA)/NF 60 0.04 1.500 1.00 1.500 

 

Figure 3.12(A) shows a multi-step chronopotentiometry curve for the NiCoP-(TPA)/NF 

electrode, in which the current density started at -20 mA cm-2 with an increment of 20 

mA cm-2 for every 500 s until gradually reaching -200 mA cm-2. The potential maintained 

at a constant value at each current density until up to -220 mA cm-2, demonstrating that 

the NiCoP-(TPA)/NF electrode had outstanding mass transportation property and 

mechanical robustness. Nice contact of NiCoP (bimetallic phosphide) particles with 

graphite carbon derived from terephthalic acid are supposedly contributed to the nice 

durability performance of this electrode as indicated by the TEM images shown in Figures 

3.4. [38, 39] As shown in Figure 3.12(C), the stability tests for NiCoP-C(TPA)/NF 

electrode were performed in three ways: (i) chronoamperometry measurement at a fixed 

overpotential of 78 mV for 20 h, (ii) chronopotentiometry measurement at a fixed current 

density of -100 mA cm-2 for 20 h; and (iii) cyclic voltammetry test at a potential range 

from 0.1 to -0.3 V (vs RHE) for 1000 cycles. One can see that the chronoamperometry 

measured at a constant overpotential of 78 mV for 20 h maintained a constant current 

density of -10mA cm-2. Moreover, the electrode kept stable when worked at a high current 

density of -100 mA cm-2 for 20 h. Meanwhile, the LSV polarization curve remained 

almost unchanged even after 1000 cycles. Therefore, the NiCoP-C(TPA)/NF electrode 

had excellent long-term stability even at a high current density in an alkaline electrolyte. 

After a long-term durability test (20 h), it is found that the NiCoP-C(TPA) catalysts 

remained uniformly coating on the NF substrate and showed almost the same image as 

the fresh one. Additionally, from the EDS mappings of Ni, Co, C, and P species, they 
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were also almost the same as the fresh ones after the long-term stability test. (Figure 3.13) 

Moreover, as shown in the XPS spectra in the following Figure 3.14, after the stability 

test, the binding energy peaks at 871 eV and 853.6 eV, corresponding to the Ni 2p1/2 and 

Ni 2p3/2 peaks, respectively, disappeared, indicating that Ni species had been oxidized. 

Meanwhile, the binding energy peaks at 739.9 eV and 778.7 eV, corresponding to Co 

2p1/2 and Co 2p3/2, respectively, also disappeared, indicating that Co species had also 

been oxidized. In addition, the intensity of the P spectrum decreased to some extent and 

the board peaks at 134.6 eV and 129.2 eV shifted a little due to the oxidation of P species. 

As for O species, the spectrum of O 1s can be deconvoluted into three peaks, which 

correspond to oxy metal or hydroxy metal (531.4 eV, 532.5 eV) and phosphorus oxygen 

(533.5 eV). After the stability test, the intensity of O spectrum changed only a little, 

indicating that the main active species for the HER should be NiCoP in the alkaline 

electrolyte although part of P was oxidized.  As indicated by the HER activity stability 

test, the performance was not obviously affected by the slight oxidation of the 

electrocatalyst. [40] In addition, hydrogen gas production during the electrolysis at 10 

mA cm-2 was experimentally quantified.  As shown in Figure 3.12D, the fitted curve of 

theoretical H2 production amount is y1 = 0.00308X1, whereas the fitted curve of the 

measured H2 production amount is y2 = 0.00289X2, thus the faradic efficiency is y2/y1 = 

0.00289/0.00308 ~ 94% in this study. 

 

Figure 3.12 (A) HER multi-step chronopotentiometry curve of NiCoP-(TPA)/NF 

electrode with the current density started at current density -20 mA cm-2 and ended at -

200 mA cm-2 with an increment of 20 mA cm-2 every 500s. (B) Chronopotentiometry 

curves of NiCoP-(TPA)/NF electrode at a current density of 100 mA cm-2 (red line) and 

at the constant overpotential of 78 mV (Blue line) collected at a duration time of 20 h in 
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1 M KOH electrolyte (Inset figure: LSV curves before and after 1000 cycles). (C) 

Faradaic efficiency of H2 production for NiCoP-C(TPA)/NF at a current density of -10 

mA cm-2. 

 
Figure 3.13 SEM image of NiCoP-C(TPA)/NF (A) fresh catalyst (B) after stability test 

20h EDS mapping of NiCoP-C(TPA)/NF (A') before a test and (B') after test stability test 

in 1M KOH electrolyte. 

 

 

Figure 3.14 High-resolution XPS spectra of NiCoP-C(TPA) of (A-D) before HER test 

and (E-H) after HER test in the alkaline media solution. 
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3.3.4 Catalytic activity, conductivity and stability analysis of electrodes compare 

wide pH range electrolyte. 

Furthermore, the HER activity of NiCoP-(TPA)/NF in acidic and neutral electrolytes 

were also investigated. As shown in Figure 3.15, the NiCoP-C(TPA)/NF electrode also 

exhibited superior HER performance in the acidic electrolyte with an overpotential of 94 

mV@10 mA cm-2, a Tafel slope of 81.1 mV dec-1, and long-term stability. However, in 

the neutral electrolyte, a relatively high overpotential of 248 mV@10 mA cm-2 with a 

high Tafel slope of 112.5 mV dec-1 was obtained. Meanwhile, the LSV polarization curve 

also changed to some extent after 1000 cycles, indicating that it is not so suitable for 

working in neutral electrolyte. Thus, NiCoP-C(TPA)/NF electrode should be more 

suitable for water splitting in the alkaline electrolyte as other phosphide materials. [41] 
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Figure 3.15 HER performances of NiCoP-C(TPA)/NF in acidic, neutral and alkaline 

electrolytes. (A) LSV curves. (B) Tafel plots. (C) Nyquist plots at an overpotential of 200 

mV and (D) Multi-current step started at a current density of -20 mA cm-2 and ended at -

200 mA cm-2 with an increment of 20 mA cm-2 every 500 sec. (E,F) Chronopotentiometry 

of NiCoP-C(TPA)/NF at a current density  of -100 mA cm-2 duration a period of 20 h in 

(E) 0.5 M H2SO4 (pH=0). (F) 1M PBS (pH=7).    
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Table 3.5 Comparison of this work with other related electrocatalysts working in an 

alkaline electrolyte in the works of literature. 

 

Electrocatalyst 

Overpotential 

(mV) 

@10mA/cm2 

Tafel 

slope 

(mVdec-1) 

Electrolyte Electrode Ref. 

NiCoP-C(TPA)/NF 78 58 1 M KOH Nickel foam 
This 

work 

NiCo-MOF 180 168 0.1 M KOH Nickel foam [42] 

NiCoFe-MOF 110 114 0.1 M KOH Nickel foam [42] 

Ni2P-CoP 105 64 1 M KOH Glassy carbon [18] 

Ni2P 137 67 1 M KOH Glassy carbon [18] 

CoP 184 66 1 M KOH Glassy carbon [18] 

C@Ni8P3 114 59 1 M KOH Nickel foam [16] 

Ni-Co-P 150 60.6 1 M KOH Nickel foam [43] 

NiCoP/CC(Nest-like) 62 68.2 1 M KOH Carbon cloth [44] 

CoP/CC 290 115.9 1 M KOH Carbon cloth [44] 

NiP2 NS/CC 102 64 1 M KOH Carbon cloth [45] 

CoP/rGO 150 38 1 M KOH Glassy carbon [46] 

Ni2P/Ni/NF 98 72 1 M KOH Nickel foam 
[47] 

Cu0.3Co0.2P 220 122 1 M KOH Glassy carbon [48] 

Mn-CoP 95 53 1 M KOH Carbon rod [41] 

Pt/C 32 33 1 M KOH Pt foil [19] 
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3.4 CONCLUSION 

In summary, binder-free graphite carbon combined NiCo alloy phosphide 

nanocomposite, i.e., NiCoP-C(TPA), film with unique nanostructure was successfully 

fabricated on NF for the first time. In the fabrication process, terephthalic acid was used 

as the template to derive NiCo bimetallic precursor film on NF in a hydrothermal 

synthesis process, followed by calcination in an Ar atmosphere and phosphorization 

treatment with NaH2PO2. As such, the bimetallic NiCo phosphide nanoparticles were well 

combined with the graphite carbon in the final NiCoP-C(TPA) electrocatalyst. The 

obtained NiCoP-C(TPA) electrocatalyst exhibited much higher activity than 

monometallic phosphides of NiP-C(TPA) and CoP-C(TPA). It showed an overpotential 

as low as 78 mV@ 10 mA cm-2 with a small Tafel slope of 58 mV dec-1,  a faradic 

efficiency of ~ 94%, and long-term stability at high current density in the alkaline 

electrolyte. Meanwhile, it also exhibited superior HER performance in the acidic 

electrolyte with an overpotential of 94 mV@10 mA cm-2, a Tafel slope of 91.8 mV dec-

1, and long-term stability although in the neutral electrolyte a relatively high overpotential 

of 248 mV@10 mA cm-2 with a high Tafel slope of 118 mV dec-1 were obtained. It 

indicates that using polycarboxylic acids as templates is an effective way to produce high-

performance bimetallic phosphide based electrocatalysts with special nanostructure for 

HER in water splitting. 
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CHAPTER 4 Fabrication of CuOxnanowires@NiMnOx 

nanosheets core@shell-type electrocatalysts: crucial 

roles of defect modification and valence state for 

overall water electrolysis 

4.1 INTRODUCTION 

Water electrolysis is regarded as one of the useful and green routes for energy storage and 

conversion, which can utilize unstable renewable energy and surplus electricity to split 

water into clean hydrogen fuel. The electrocatalytic water splitting process includes two 

half-reactions, i.e., hydrogen evolution reaction (HER) and oxygen evolution reaction 

(OER), [5, 6] in which hydronium (H+) and hydroxyl (OH-) ions are the key reactants in 

acidic and alkaline electrolytes, respectively. [5, 6] However, it is difficult to perform 

water electrolysis in a neutral medium (pH=7) without any supporting electrolyte due to 

the poor conductivity. Some studies have been dedicated to achieving higher 

electrocatalytic performances under neutral pH conditions using buffered solutions 

including some salt electrolytes such as phosphates, borates, and carbonates, and the onset 

potentials were found to be comparable to those in acidic and alkaline media. [11, 12] 

Comparing to the acidic and alkaline electrolytes, the neutral one in the water electrolysis 

has many intrinsic benefits such as minimizing the adverse environmental impacts and 

prolonging the lifetime of devices. However, the development of efficient electrocatalysts 

working in the neutral electrolytes is full of a challenge owing to the relatively sluggish 

reaction kinetics. In general, to attain substantial reaction rates in water electrolysis at the 

neutral medium, the water molecule must act as the reactant. Meanwhile, in the neutral 

buffered solution, the buffering ionization (BA = A− + B+) is rapid in both directions to 

reach equilibrium between BA and (B+ + A−) on the surface of an electrode, which will 

maintain the neutral pH level at least in the bulk of the solution. [14-16] 

The benchmarking noble-metal-based electrocatalysts such as Pt/C for HER and IrO2, 

Ir/C or RuO2 for OER always own extraordinary electrocatalytic activity with great 

stability even in the neutral media due to their inert behaviors. However, they also have 

disadvantages such as high prices and scarcity. [18, 19] Thus, the development of efficient 
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bifunctional electrocatalysts with low cost, high stability, and environmental benignity, 

particularly based on non-noble metal materials for the water electrolysis is highly 

challenging and desiring. Especially, as the alternatives of electrocatalysts, earth-

abundance transition-metal-based ones with high performance should be crucial to pave 

the way for the hydrogen economy era. To improve the catalytic activity, creating three-

dimensional (3D) nanostructures of transition metals/metal (hydr)oxides on the electrode 

without the binders is considered a promising way in electrode preparations, and various 

transition metal-based materials with ideal atomic arrangements have been developed as 

active electrocatalysts to improve electronic transportation as well as electrochemical 

stability for water electrolysis. [23-25] In particular, for the electrocatalysts working in 

neutral pH solutions, a combination of the metal with carbon materials, fabrication of 

metal alloys, and doping of foreign metal on metal oxides have been applied to realize 

electronic structure modification, and thereby improving the catalytic performance. [28, 

29]  

Mn-containing materials, especially various manganese oxides (MnOx) such as MnO2, 

Mn2O3, Mn5O8, and complex oxides such as MnFe2O4 and metal-doped MnO2 have been 

considered as potential electrocatalysts for water electrolysis due to their earth-abundant, 

inexpensive, and special electronic structure. [30-37] Mn-based oxides always have 

Mn3+/Mn4+ redox couple, which has flexible electronic configurations with high 

conductivity and catalytic activity. It is found that MnOx has low activity in acidic 

medium since Mn3+ on the surface is easily converted to Mn2+ and Mn4+ at pH<9 due to 

the disproportionation reaction whereas Mn3+ can be effectively stabilized by the 

comproportionation of Mn2+ and Mn4+ in alkaline medium. [35, 36] Thus, how to control 

the disproportionation and comproportionation of Mn3+ is essential for the development 

of Mn-based electrocatalyst working in neutral pH solutions. Kuo et al. [37] synthesized 

a mesoporous MnOx with a crystalline structure of Mn3+-rich Mn2O3 using a one-step 

inverse micelle templating method. Meng et al. [30] found that electrocatalytic activity is 

strongly dependent on the crystallographic structures of MnOx, which followed an order 

of α-MnO2 > AMO > β-MnO2 > δ-MnO2. Jeong et al. [50] investigated Mn5O8 with mixed 

Mn valences, and also found that Mn3+ played an important role in the catalysis of OER 

under the neutral pH solution.  
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Currently, it becomes a rising hot topic by designing of the bimetallic compound to 

controllably modify and engineer the electronic distribution for achieving the synergistic 

regulation of activity, conductivity, and stability of electrocatalysts. For the transition 

metal-based catalysts, the introduction of a second element into the host lattices could 

also cause obvious regulation of the electronic structure of the compound host and change 

the H adsorption free energy, leading to good catalytic properties. [53] Especially, many 

studies exhibited that the bimetallic oxides have better intrinsic OER property than the 

single metal oxide. [54-61] For instance, Wang et al. [66] prepared bimetallic phosphide 

embedded carbonaceous matrix (FeNiP/C) electrocatalyst, which presented 3D hollow 

barrel shape with a high specific surface area and exhibited excellent OER catalytic 

performance, reaching a current density of 10 mA cm−2 at a low overpotential of 229 mV 

with a low Tafel slope. Jia et al. [71] combined the bimetallic nanoplate with the multi-

wall carbon nanotubes (CoMn-LDH/MWCNT), which also exhibited excellent OER 

activity (a low overpotential of 300 mV@10 mA cm−2) with outstanding long-term 

electrocatalytic stability.  

Various morphologies of copper oxide (CuOx) such as CuOx leaf and CuOx nanowires 

can be fabricated and used as catalysts and catalyst supports. [73, 74] Moreover, the 

combination of CuOx with other transition metal oxides could further improve the 

conductivity of electrocatalysts, thereby enhancing the catalytic performance. For 

instance, Rong et al. [76] fabricated paintbrush-like Cu-Cu3P on Cu foam, which 

exhibited excellent performance for overall water electrolysis with a low cell voltage of 

1.55 V to deliver the standard current density of 10 mA cm−2. Zhou et al. [78] prepared 

hierarchical CuOx@Co3O4 NRs on a Cu foam, which also showed a bifunctional activity 

towards water splitting with a small overpotential of 240 mV for the OER and 242 mV 

for the HER at a current density of 50 mA cm−2, along with low Tafel slopes of 46 and 

61 mV dec-1, respectively, and ultrahigh faradaic efficiencies. 

Various defects endow the ability to affect the adsorption energy of reactants or 

intermediates as well as the dissociation energy of the produced gas, which can promote 

the conversion and generation of reactants and intermediates. [19] In addition, theoretical 

studies proved that the materials with rich defects close to the Fermi level could regulate 

the electronic structure and improve the electrical conductivity, and thereby enhancing 
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the catalytic activity and stability.[19] Thus, defect engineering should be an efficient 

route to improve the HER catalysis performance of metal oxide, As demonstrated by 

Wang et al., [81] the dehydration and reduction process for the preparation of 3D 

hierarchical Co nanoparticles modified Co2Mo3O8 nanosheets by thermal reduction of 

CoMoO4•nH2O precursor induced the formation of nanoporous morphology and Co 

vacancy defective structure so that the HER catalytic activity was greatly improved. 

Especially, the defects with the edge dislocations can enhance the electrochemical 

performance of metal oxides by accelerating ion conduction. [33-37] To date, many 

researchers mainly focused on the studies of point defects (such as doping and vacancy). 

However, the influences of one-dimensional line defects (such as edge dislocation, screw 

dislocation, etc.) and two-dimensional planar defects on the catalytic activity of bimetallic 

oxides have not been investigated in depth. While one-dimensional and two-dimensional 

defects, such as edge dislocation were built by lattice mismatch engineering at the 

interface of catalyst or between neighboring layers in multilayer composites, it could 

effectively tune the crystalline structure and intrinsic activity of catalysts. [82] 

Herein, NiMn oxide nanosheets (NiMnOx NSs) were electrodeposited on the CuOx 

nanowires (NWs) grown on the copper foam (CF) using a unipolar pulse electro-

deposition (UPED) method to fabricate 3D hierarchical core-shell structure 

electrocatalysts for both HER and OER in the water electrolysis under either neutral pH 

or alkaline medium. The obtained CuOx NWs @NiMnOx NSs core@shell-type 

bifunctional electrocatalysts were characterized by SEM (scanning electron microscope) 

with EDS (energy dispersive X-ray detector), TEM (transmission electron microscope), 

XRD (powder X-ray diffraction), and XPS (X-ray photoelectron spectroscopy) to 

understand its micro- and nano-structures, the crystalline structure, and elemental 

compositions and valence states on the surface. The electrochemical characteristics and 

HER and OER performances in the neutral pH solutions were examined and compared 

with those in alkaline solutions. In addition, the two-electrode system with CuOx NWs 

@NiMnOx NSs/CF || CuOx NWs @NiMnOx NSs/CF as a cathode (-) and anode (+) was 

applied for the testing of overall water electrolysis performance in both neutral pH and 

alkaline media. 
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4.2 EXPERIMENTAL 

4.2.1 Chemicals and Materials 

Nickel (II) nitrate hexahydrate (Ni(NO3)2•6H2O, purity 98%),  potassium 

hydroxide (KOH, 85%), sodium dihydrogen phosphate dihydrate 

(NaH2PO4•2H2O, purity 99%), disodium hydrogen phosphate (NaH2PO4, purity 

99%), hydrochloric acid (HCl, Conc. 36%) and ethanol (C2H5OH, Conc. 99.5%) 

were purchased from Wako, Japan. Manganese (II) nitrate tetrahydrate 

(Mn(NO3)2•4H2O, purity ≥97%) was purchased from Sigma-Aldrich, Japan. De-

ionized (DI) water (18.2 MΩ cm) was used for the preparations of solutions and 

electrolytes. Copper foam (CF, thickness: 1.6 mm, bulk density: 350 g/m2) was 

purchased from Xiamen TOB New Energy Technology Co. Ltd. 

4.2.2 Generation of Cu(OH)2 nanowires on Cu foam. 

Firstly, the CF sheet (size: 2 x 2 cm2) was pre-treated by 1.0 M HCl in an ultrasonic 

bath for 10 min to remove the oxidized layer on the surface, and then washed 

successively by ethanol and DI water several times. Thereafter, Cu(OH)2 

nanowires (Cu(OH)2 NWs) were directly grown on the surface of CF substrate by 

an electro-oxidation process, in which CF, Pt wire, and Ag/AgCl standard 

reference electrode were used as the working, counter and reference electrodes in 

a three-electrode electrochemical system with 3.0 M KOH electrolyte at a constant 

current of 80 mA for 1200 s. As such, the Cu(OH)2 NWs were generated on the 

surface of CF with a color-changing to light blue, then the electrode was washed 

with DI water several times and dried at room temperature overnight. 

4.2.3 Synthesis CuOx NWs@NiMnOx NSs on CF substrate. 

NiMn oxide nanosheets (NiMnOx NSs) were electrodeposited on the above 

prepared Cu(OH)2 NWs/CF using a unipolar pulse electro-deposition (UPED) 

method in a three-electrode system. In brief, the electrolyte with Ni(NO3)2 • 6H2O 

and Mn(NO3)2 • 4H2O was prepared by using 100 ml of DI water with a stirring 

time of 15 min. Herein, different Ni/Mn ratios of 1/4, 1/1, and 4/1 with a total metal 

ion concentration of 0.1 M were used for the preparation of different electrolytes 

to investigate the effect of Ni/Mn ratio on the catalytic performance. The Cu(OH)2 

NWs/CF was used as the working electrode, and Pt wire and standard Ag/AgCl 
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reference electrode were served as the counter and reference electrodes, 

respectively. The pulse potential was set at -1 V with an on/off time of 1 s based 

on the preliminary experimental results. The cycle numbers were set as 500, 1000, 

1500, and 2000 respectively to investigate the effect of cycle number on the 

performance of the final electrocatalyst. After the electrodeposition process, the 

obtained Cu(OH)2 NWs@NiMn NSs/CF was washed by DI-water several times 

and dried in a vacuum oven at 80 °C for 12 h. Finally, the electrode was calcinated 

in the air at 350 °C for 2 h with a heating rate of 2 °C/min. As such, the CuOx 

NWs@NiMnOx NSs/CF electrode was obtained. 

4.2.4 Characterizations 

The morphologies of various samples were characterized by a scanning electron 

microscope (SEM, SU8010, HITACHI, JAPAN) with an energy dispersive X-ray 

detector (EDS, Horiba Scientific) and the nanostructures were observed by a 

transmission electron microscope (TEM, JEM-2100F, JEOL). Before the TEM 

observation, the sample was well dispersed on a Cu grid mesh (Japan, Nisshin EM 

Co., Ltd. Tokyo). The powder X-ray diffraction (XRD) analysis was performed on 

a Rigaku Smartlab diffractometer (Japan) with Cu-Kα as the radiation source 

(λ=0.15406 nm) in a range of 20°-80° to determine the crystalline structure. X-ray 

photoelectron spectroscopy (XPS) spectrum was measured at room temperature 

using a VG Scientific ESCALab250i-XL instrument with an Al-Kα X-ray source.  

4.2.4 Electrochemical measurements 

Electrochemical measurement was conducted on an electrochemical workstation 

(VersaSTAT 4, Princeton, USA) with a three-electrode system at room temperature in a 

1.0 M phosphate-buffered (PB) solution (pH 6.8-7). The obtained electrode (1 x 1 cm2),  

Ag/AgCl (in KCl saturated) reference electrode, and carbon rod were used as the working, 

reference, and counter electrodes, respectively. For comparison, 1.0 M KOH (pH =14) 

was also used as the electrolyte, and in this case, carbon rod and Hg/HgO (in 1M NaOH) 

were used as counter and reference electrodes, respectively. HER and OER performances 

were evaluated by using linear sweep voltammetry (LSV) with a scan rate of 2 mV s-

1 at a potential range of 0 to -0.6 V (for HER) and 1.3 to 2.0 V (for OER). 

Electrochemical impedance spectroscopy (EIS) measurement was carried out with 
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a frequency range from 100 kHz to 0.01 Hz at an overpotential of 200 mV. The 

potential in the neutral pH electrolyte was calculated by: E (V vs RHE) = 

E(Ag/AgCl) + (0.059 x pH) + 0.197,   Whereas that in the alkaline electrolyte with 

respect to the reversible hydrogen electrode (RHE) was calculated by: E (V vs 

RHE) = E (Hg/HgO) + (0.059 x pH) + 0.098. The electrochemical active surface 

areas (ECSAs) of various electrocatalysts at non-faradaic overpotentials were 

measured by cyclic voltammetry (CV) at a potential range of 0.1-0.3 V (vs RHE). 

The Cdl was estimated by plotting current densities at different scan rates at a 

potential of 0.2 V. The stability tests were performed in two ways: (i) 

chronopotentiometry measurement at a fixed current density of -10 mA cm-2 for 40 

h; and (ii) cyclic voltammetry test in a potential range from 0.1 to -0.3 V (vs RHE) 

for 1000 cycles. Finally, the two-electrode system using CuOx NWs@NiMnOx 

NSs/CF || CuOx NWs @NiMnOx NSs/CF as the cathode (-) and anode (+) was 

used for the testing of overall water electrolysis performance, in which the linear 

sweep curve (LSV) was measured with a potential range of 1.3-2.0 V at a scan rate 

of 2 mV/s. 

4.3 RESULTS AND DISCUSSION 

4.3.1 Microstructure and composition analysis of CuOx NWs@NiMnOx/CF 

catalyst. 

Figure 4.1 illustrates the fabrication process for CuOx NWs @NiMnOx NSs/CF 

electrode. As stated above, firstly, Cu(OH)2 NWs were grown directly on the CF substrate 

by anodization of CF in 3.0 M KOH solution. Then, bimetallic NiMn hydroxide NSs were 

electrodeposited on these Cu NWs via the UPED method, finally, the electrode was 

calcined at 350 °C in air, and as such, CuOx NWs @NiMnOx NSs/CF electrode was 

obtained.  
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Figure 4.1 Schematic illustration for the fabrication of CuOx NWs @NiMnOx NSs/CF 

electrode. 

Figure 4.2 shows SEM images of the obtained Cu(OH)2 NWs (Fig. 2A), CuOx 

NWs@MnOx(Fig. 2B), CuOx NWs@NiO (Fig. 4.2C) and CuOx NWs@NiMnOx NSs 

(Fig. 4.2D) on CF, and elemental distributions on the surface of CuOx NWs@NiMnOx 

NSs/CF electrode (Fig. 4.2E). As shown in Fig. 4.2B and 4.3A’, the MnOx was well 

grown on the CuOx NWs as a core-shell structure in the absence of Ni species, where the 

legible lattice of 0.205 nm is related to the (211) plane of MnO2. However, NiO particles 

were not uniformly distributed on the CuOx NWs in the absence of Mn species and some 

large bulk NiO particles were formed on the surface of the electrode (Fig. 4.2C). In 

contrast, the NiMnOx NSs were homogeneously and fully covered on the CuOx NW 

cores (Figs. 4.2D) with uniformly elemental distributions (Fig. 4.2E). The nanosheet 

formation probably followed the mechanism in the formation of layered double hydroxide 

(LDH) (e.g., as indicated in Adv. Funct. Mater. 24, 934-942 (2014)). [83] Firstly, Ni2+ 

and Mn2+ reacted with hydroxide (OH)- ions generated on the electrode to form nuclei 

and grew into the primary particles. In this process, some Mn2+ would change to Mn3+ 

and/or Mn4+ by the applied potential, which should play an important role in the gradual 

formation of Ni(OH)2/Mn(OH)2 composite like Ni-Mn LDH with a nanosheet structure 

on the surface of Cu nanowire due to the continuous aggregation of the nickel and 

manganese hydroxide composite to chain state with the assistance of applied pulse 

potential. In addition, due to the random dispersion of the nickel and manganese 

hydroxide primary particles, the nanosheets distributed on the surface of Cu nanowire 

along with different directions, the obtained Ni(OH)2/Mn(OH)2 composite nanosheet 

were intersected, and after calcination, the NiMnOx nanosheets were also intersected as 

shown in Fig. 4.2D. In contrast, the MnOx or NiO particles rather than nanosheets were 
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generated on Cu nanowire since the LDH nanosheet is impossible to be formed with the 

single metal precursor. Meanwhile, TEM measurement (Fig. 4.2F) shows that the 

obtained catalysts had a core@shell structure. As revealed in Fig 4.3B’, the NiO endowed 

a large crystallite size and intact crystal structure and the lattice distance of 0.247 nm 

reflected the (111) crystal plans. In contrast, rich defects were observed in the HRTEM 

image of CuOx NWs@NiMnOx NSs, in which the lattice fringe spacing of 0.256 nm 

approached the (311) plane of NiMn2O4 (Figure 4.3C’). 

 
Figure 4.2 SEM images of the obtained Cu(OH)2 NWs (A), CuOx NWs@MnOx (B), 

CuOx NWs@NiO (C) and CuOx NWs@NiMnOx NSs (D) on CF; elemental distributions 

on CuOx NWs@NiMnOx NSs/CF electrode (inset: enlarged SEM image at scales of 500 

nm and 200 nm) (E); and TEM image of CuOx NWs@NiMnOx NSs (F). TEM image 

with an enlargement scale of 2 nm for MnO2 crystal in CuOx NWs@MnOx (G), NiO of 

CuOx@NiO (H) and defect structure of NiMn2O4 in the obtained CuOx NWs@NiMnOx 

NSs. 
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Figure 4.3 TEM images of (A, A') MnOx, (B, B') NiO, and (C, C') NiMnOx NSs. 

In addition, comparing with the prepared MnOx and NiO, it is obvious that the 

prepared NiMnOx exposed abundant defect structure in HRTEM (Fig. 4.2 G-I). To 

explore the reasons for defect formation of NiMnOx, the crystal structures of the 

electrodeposited Ni and Mn-based hydroxides were measured. Unexpectedly, as shown 

in Fig. 4.4 and Fig. 4.5, the obtained material consisted of Ni(OH)2/Mn(OH)2 composite, 

in which Ni and Mn-based hydroxide particles with 1-4 nm diameter mixed. It is found 

that there were obvious edge sites among different particles. After the calcination 

treatment, the Ni(OH)2/Mn(OH)2 composite was converted to NiMnOx (Fig. 4.6), in 

which nanodots built nanosheet arrays and rich crystalline defects of lattice distortion, 

vacancy, amorphous-like structure, edge dislocation, screw dislocation, and additional 

active edge sites were observed. the adsorption energy of reactant and/or intermediates, 

as well as the dissociation energy of the produced gas, thereby promoting the conversion 

and generation of reactants and intermediates. [84] These defect structures could be 
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formed during the reaction between Ni(OH)2 and Mn(OH)2, where the edge sites among 

different crystalline grains and the discrepancy of atomic radii led to the distortion of host 

lattices. Herein, various defects could endow the ability to affect Moreover, theoretical 

studies proved that the materials with rich defects close to the Fermi level could regulate 

the electronic structure and improve the electrical conductivity, and subsequently enhance 

the catalytic activity and stability. [84] In addition, the crystalline fringes along the 

crooked edge were discontinuous, which could provide abundant defects. Moreover, it 

should be noted that the defect-rich structure resulted from the partial cracking of the 

regions along the basal planes (Fig. 4.4G and L). These additional active edge sites should 

lead to higher electrocatalytic activity and internal conductivity than those amorphous or 

polycrystalline catalysts. [85-88] 

Moreover, the lattice distortion resulted in numerous vacancies, which led to 

coordination-unsaturated spinel crystal and unstable valence states of Ni and Mn elements 

(Fig. 4.4F). Besides, typical one-dimensional edges, e.g., the edge dislocation and screw 

dislocation, were observed in the exposed planes of NiMnOx material. Herein, the screw 

dislocation in the lattice structure of a crystal could lead to the atoms rearranged in a 

helical pattern (Fig. 4.4K), by which the crystal along with a plane slip one half across 

the other by a lattice vector. Meanwhile, the crystal deformation due to the screw 

dislocation could regulate the electronic structure and subsequently affect the catalytic 

activity and stability of NiMnOx. Furthermore, the edge dislocation can be considered as 

a kind of defect where an extra half-plane of atoms is introduced midway through the 

crystal, distorting nearby planes of atoms. When enough force is applied from one side 

of the crystal structure, this extra plane passes through planes of atoms breaking and 

joining bonds with them until it reaches the grain boundary (Fig. 4.4G). In addition, the 

deformation of crystalline results in a special strain field around the dislocation defect 

area, and the strain field leads to the formation of vacancies and charge aggregation. 

Recently, many works indicated that the optimal control of oxygen vacancies of oxides 

could improve the electronic conductivity as well as OH− adsorption, [89] and the metal 

vacancy defect was also considered to promote the water absorption. [90] In addition, 

Sun et al. believed that the abundant edge dislocations in Co3O4 materials with tensile 

stress could attract foreign solute Li+, facilitating Li+ diffusion and transport. [91] 
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Figure 4.4 TEM images of the obtained Ni(OH)2/Mn(OH)2 NSs (A, B); TEM images of 

the obtained CuOx NWs@NiMnOx NSs (D) on CF; and corresponding partial enlarged 

views (D, E, F); Schematic diagram of edge dislocation (G), screw dislocation (H), lattice 

distortion and additional active edge sites (I). 

Stimulated by the unique defect-rich crystal structure of NiMnOx nanosheets, the 

structure, and composition of the obtained composite were further analyzed by XRD and 

XPS. As shown in Fig. 4.6A, the diffraction peaks at 37.38° and 43.27° related to Cu2O 

(JCPDS 78-2076) and those at 36.50°, 43.27° corresponding to CuO (JCPDS 45-0937) 

were observed, indicating that CuO and Cu2O coexisted in the present catalysts. 

Meanwhile, the diffraction peaks of MnOx, NiO, and NiMnOx NSs were too weak to 

clearly observed due to the strong peaks corresponding to Cu species. Herein, we also 

prepared MnOx, NiO, and NiMnOx NSs on carbon paper substrate at the same conditions 

in the absence of CuOx NWs, and their corresponding XRD patterns are shown in Figures 
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4.6B-C. One can see that the diffraction peaks at 37.44°, 43.43°, and 63° were from NiO 

(JCPDS 47-1049) (Fig. 4.6B), and those at 18.38°, 38.44°, and 43.84° indicated the 

formation of α-MnO2 (JCPDS 42-1348) in the catalysts (Fig. 4.6C), which should be a 

benefit for the OER. [30] In addition, it is found that the crystal of NiMnOx composite 

was close to the spinel structure of NiMn2O4 (Fig. 4.6D), which had an obvious right shift 

at the location of (311) peak. 

 
Figure 4.5 (A) XRD patterns of Mn(OH)2/CP,  Ni(OH)2/CP and Mn(OH)2/Ni(OH)2/CP 

composite. 

In addition, the exceptional peak broadening of the NiMnOx also indicated the existence 

of rich crystalline defects. As shown in Figs. 4.7 and 4.8, the composite was mainly 

consisted of Ni, Mn, O, Cu elements. In the Cu 2p spectrum (Fig. 4.7B), two peaks at 

933.72 and 953.00 eV corresponding to the Cu 2p3/2 and Cu 2p1/2 peaks of Cu+ (Cu2O), 

respectively. Meanwhile, the binding energies at 934.74 and 954.7 eV with two satellites 

assigned to the Cu 2p3/2 and Cu 2p1/2 peaks of Cu2+ (CuO) respectively were also 

observed, [92] which are in agreement with the XRD analysis results. Moreover, in the 

Mn 2p spectrum, the two fitting peaks at 641.42 and 642.78 eV related to Mn 2p3/2 

assigned to Mn3+ and Mn4+ respectively, whereas the binding energy peaks at 652.66 and 
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653.94 eV related to Mn 2p1/2 corresponded to Mn3+ and Mn4+. [21] As such, the 

percentage ratio of Mn3+/Mn4+ was calculated to be 39.07/60.93 based on the peak areas 

of the valence states of elements (Table 4.1). 

 
Figure 4.6 (A) XRD patterns of CuOx NWs@MnOx/CF, CuOx NWs@NiO/CF, CuOx 

NWs@NiMnOx NSs/CF. (B-D) XRD pattern of catalysts deposited on carbon paper (CP) 

substrate (D) NiO/CP (C) MnOx/CP (D) NiMnOx NSs/CP. 

Besides, the chemical valence states of Ni 2p XPS spectra of CuOx 

NWs@NiMnOx are shown in Fig. 4.7D, in which the deconvolution of Ni 2p3/2 (854.8 

~ 855.87 eV of Ni3+ and Ni2+) and 2p1/2 at 872.82~871.5 eV peaks with two satellites 

(861.49 and 879.47 eV) also indicated the existence of Ni3+/ Ni2+ couple in the catalyst. 

[93] Moreover, the spin-orbit splitting values of the Ni 2p1/2 and Ni 2p3/2 were over 15 

eV, also indicating the presence of Ni2+ and Ni3+ species [94]. Here, the relative atomic 

ratio of Ni2+/Ni3+ in the CuOx NWs@NiMnOx composite was compared with that of the 

published normal NiMn2O4 material by estimating the covered area of the fitted curve 

[95]. It is found that the atomic molar ratio of Ni2+/Ni3+ in NiMnOx of CuOx 

NWs@NiMnOx was higher than that of normal NiMn2O4, proving that more Ni2+ species 
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appeared in CuOx NWs@NiMnOx than Ni3+. In other words, more coordination-

unsaturated spinel structure was achieved during Mn introduction and defect formation 

process. [96, 97] For the O 1s spectra (Fig. 4.7C), the peak at 528.9 eV corresponded to 

the typical metal-oxygen (Ni-O or Mn-O) bond, and the peak appeared at the higher 

binding energy of 531.1 eV was attributed to the defect sites with low oxygen 

coordination, [98] which corresponded to the HRTEM results. It should be noted that the 

oxygen vacancy defects could reduce the barrier for the OH− adsorption because of the 

low oxygen-coordination sites in the MO6 structure. Hence, a lower overpotential was 

achieved in this study. [92, 99, 100]  

 
Figure 4.7 High-resolution XPS spectra of CuOx NWs@NiMnOx NSs: (A) survey peak, 

(B) Cu 2p, (C) O 1s, (D) Ni 2p, and (E) Mn 2p spectra. 
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Figure 4.8 High-resolution XPS spectra of (A-C) CuOx NWs@NiO: (A) Cu 2p, (B) O 

1s, (C) Ni 2p, and (D-F) CuOx NWs@MnOx: (D) Cu 2p, (E) O 1s, (F) Mn 2p. 

4.3.2 HER and OER in alkaline medium 

4.3.2.1 Influence of preparation parameters of CuOx NWs@NiMnOx NSs/CF 

catalyst. 

As stated above, Mn-containing electrocatalysts always show stable performance 

in the alkaline medium. Herein, to select the best bifunctional CuOx NWs@NiMnOx 

NSs/CF electrode, the performances of the obtained electrocatalysts were evaluated in the 

alkaline medium at first. To find the optimum Ni/Mn molar ratio in the CuOx 

NWs@NiMnOx NSs/CF electrode and the optimum cycle number during the 

electrodeposition of NiMn hydroxide on Cu(OH)2 NWs core during the preparation of 

electrode by the UPED method, the electrodes fabricated with different Ni/Mn initial 

ratios in the precursors and different UPED cycles were firstly tested in alkaline solutions.   
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Figure 4.9 SEM images of CuOx NWs@NiMnOx NSs prepared with different ratios of 

Ni:Mn in the initial presursors: (A) 4:1 (B) 1:1 (C) 1:4. 

 
Figure 4.10 LSV polarization curves in 1.0 M KOH solution for HER over CuOx 

NWs@NiMnOx NSs/CF electrodes prepared at different Ni/Mn ratios (4:1, 1:1 and 1:4) 

in the initial precursor (A) and related Tafel plots (B). 

As shown in Figures 4.9-4.10, the catalyst with the initial Ni/Mn molar ratio of 

1/4 exhibited the lowest overpotential with the smallest Tafel slope among all the 

prepared catalyst with the initial Ni/Mn molar ratio from 1/4 to 4/1. It is found that fluffy 

NiMnOx nanosheets were formed on CuOx nanowires in the case with less amount of 

Mn species in the initial solution (e.g., Ni/Mn molar ratio of 4/1), and with the increasing 

of the Mn species in the initial solution, NiMnOx nanosheets were uniformly formed on 

the CuOx nanowire, thereby leading to better catalytic performance. Meanwhile, for the 

fabricated CuOx NWs@NiMnOx NSs/CF electrodes with the initial Ni/Mn molar ratio 

of 1/4. As shown in Figure 4.11, the catalytic performance was improved with the increase 

in the deposition cycle until 1500 cycles but decreased as the deposition cycle time was 

further increased to 2000 cycles. In addition, as shown in Figure 4.12, as too many 
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deposition cycles (e.g., 2000 cycles) were used, some large bulk particles of NiMnOx 

were formed on the CuOx NWs, and the electrochemical performance (as shown in the 

following sections) was decreased.  

 
Figure 4.11 SEM images of CuOx NWs@NiMnOx NSs prepared with different UPED 

deposition cycles: (A) 500 cycles (B) 1000 cycles (C) 1500 cycles and (D) 2000 cycles. 

 
Figure 4.12 LSV polarization curves in the 1.0 M KOH solution for HER over CuOx 

NWs@NiMnOx NSs/CF electrodes prepared with different UPED deposition cycles 

(500, 1000, 1500, and 2000 cycles) (A) and the related Nyquist plots at a potential of 0.2 

V (B). 

4.3.2.2 Catalytic activity, conductivity and stability analysis of HER and OER in 

alkaline solution. 

The obtained NiMnOx NSs with a dense structure could block the electrolyte 

diffusion and electron transfer. [101] Thus, in this study, the CuOx NWs@NiMnOx 

NSs/CF electrode prepared at 1500 cycles with the precursor containing the initial Ni/Mn 

molar ratio of 1/4 during UPED process was selected for further investigations.MnO/CF, 

NiO/CF, CuOx NWs@MnO/CF, and CuOx NWs@NiO/CF electrodes were also 

fabricated and their HER and OER performances at a scan rate of 2 mV/s in 1.0 M KOH 
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were tested. As shown in Figure 4.14 in the supporting materials, the CuOx 

NWs@NiO/CF exhibited a lower overpotential than the NiO/CF one and meanwhile, the 

CuOx NWs@MnO/CF electrode also showed a lower overpotential than the MnO/CF 

one, indicating that the synergistic interaction between two metal oxides enhanced the 

electrocatalytic activity. Moreover, as shown in Figure 4.13A, the CuOx 

NWs@NiMnOx/CF exhibited more excellent electrocatalytic activity than those of CuOx 

NWs@MnO/CF and CuOx NWs@NiO/CF electrodes, further confirmed that the 

synergistic interaction of different oxides can enhance the electrochemical activity. 

Besides, as shown in Figure 4.14, the CuOx NWs@NiMnOx NSs/CF with a core-shell 

structure exhibited higher activity than the NiMnOx/CF electrode. Herein, a uniform 

distribution of NiMnOx nanosheets on the surface of CuOx nanowires could generate a 

massive number of active sites, and provide more channels for electrolyte diffusion and 

reduce the charge transfer resistance since no binder was used in the electrode.  

   One can see that the CuOx NWs@NiMnOx NSs/CF electrode exhibited an 

overpotential as low as 71.6 mV at the standard current density of 10 mA cm-2, which 

was much lower than the bare CF (496 mV), CuOx NWs/CF (295 mV), MnO/CF(180 

mV), NiO/CF(95 mV), CuOx NWs@MnOx/CF (196.4 mV), CuOx NWs@NiO/CF (105 

mV). Moreover, its performance was near 20%wt Pt/C (57.2 mV) coated CF electrode. 

Herein, since the 20%wt Pt/C was coated on CF by using binders, it easily fell from the 

CF at high current densities due to the large amount of H2 generated. Thus, the obtained 

CuOx NWs@NiMnOx NSs/CF electrode should be more stable at a high current density 

operation. Meanwhile, in the linear region of overpotential vs log J (as shown in Fig. 

4.13B),  the Tafel slope of the CuOx NWs@NiMnOx NSs/CF electrode was also as low 

as 62.7 mV dec-1, which was much lower than those of bare CF (293 mV dec-1), CuOx 

NWs/CF (134.9 mV dec-1), MnO/CF(212.6 mV dce-1), NiO/CF(131 mV dec-1), CuOx 

NWs@MnOx/CF (159 mV dec-1), CuOx NWs@NiO/CF (156.9 mV dec-1), and much 

closer to that of commercial 20%wt Pt/C coated CF electrode (36.3 mV dec-1). Herein, 

since the Tafel slope can determine the overpotential required to reach the working 

current density on the electrode, a low Tafel slope is generally desirable, especially for a 

high operating current density. For HER, it could follow the Volmer, Hyrovsky, and Tafel 

pathways, i.e., Volmer (H2O + e- → Hads + OH-), Heyrovsky (Hads + H2O + e- → H2 + 
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OH-), and Tafel (Hads + Hads → H2). In the Volmer reaction, the slow H+ adsorption rate 

should be the determining step. Meanwhile, the Heyrovsky and Tafel reactions are the 

electrochemical desorption process. However, based on the small Tafel slope result of the 

CuOx NWs@NiMnOx NSs/CF electrode, it can propose that the HER over it should 

follow the Volmer-Heyrovsky mechanism, in which the adsorption of water molecule 

could be accelerated by the formation of Hads (Volmer step), thereby promoting the charge 

transfer between catalyst and water molecules and enhance the catalytic activity. [100, 

102]  

 
Figure 4.13 (A) LSV polarization curves for HER over various prepared electrodes at a 

scan rate of 2 mV/s; (B) Tafel plots; (C) Nyquist plots of various electrodes at an 

overpotential of 200 mV. (D) Multi-current step test for the CuOx NWs@NiMnOx 

NSs/CF electrode started from the current density of 10 until 300 mA cm-2 with an 

increment of 50 mA cm-2 every 500 s and returned to 10 mA cm-2 after tested at 300 mA 

cm-2; (E) Chronopotentiometric curve obtained with the CuOx NWs@NiMnOx NSs/CF 

electrode in 1.0 M KOH solution with the standard current density of 10 mA cm-2 for 

continuous 60 h test (inset: HER polarization curves before and after the 1000 cycles). 

(F) Comparison with the reported results on the Ni- and Mn-based electrodes at the 

standard current density 10 mA cm-2 in the alkaline media: 20wt%Pt/C (this work), Mn-

CoP [3], Mn-NiP2/CC [10], Mn-Co-P/Ti [21], NiP2 NS/CC [27], Ni2P/Ni/NF [39], Ni-



118 

 

P/film [43], CoFe@CoNi [46], Ni2P nanoparticles [48], NiS2 NA/CC [41], Ni-Mn3O4/NF 

[31] and Mo-Ni2P/NF [65]. (CC: carbon cloth; NF: nickel foam) 

 

Figure 4.14 Water electrolysis performance of MnOx/CF, NiO/CF, CuOx 

NWs@MnOx/CF, CuOx NWs@NiO/CF, NiMnOx/CF, and CuOx NWs@NiMnOx 

NSs/CF electrodes (A-B) LSV polarization curves at a scan rate of 2 mV/s in 1.0 M KOH 

solution: (A) HER and (B) OER. (C-D) Tafel plots (C) HER and (D) OER. 

Moreover, as shown in Figure 4.13C, the CuOx NWs@NiMnOx NSs/CF 

electrode presented a very low resistance, indicating the good connection between the 

electrocatalyst and the CF substrate, which could improve the electron conductivity, and 

provide an ideal pathway for the electron transportation without high kinetic limitation. 

[100, 102, 103] In addition, the apparent electrochemical surface area (ECSA) of the 

electrocatalyst was determined by measuring the double-layer capacitance (Cdl) with the 

cyclic voltammetry (CV) in a potential window of 0.1-0.3 (V vs RHE) with a scan rate 

range of 5-30 mV/s (Figure 4.15A-E). As shown in Figure 4.15F, the CuOx 

NWs@NiMnOx NSs/CF electrode exhibited an extremely high capacitance (Cdl) of 106 

mF cm-1, which was much higher than those of CuOx NWs@NiO/CF (78.85 mF cm-1), 

CuOx NWs@MnOx/CF (65.56 mF cm-1) and CuOx NWs/CF (37.85 mF cm-1), indicating 

that it had much more surface-active sites due to the special structure and synergistic 

function of Ni and Mn species. [8] Furthermore, the multi-current step test for the CuOx 

NWs@NiMnOx NSs/CF electrode started from the current density of 10 until 300 mA 
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cm-2 with an increment of 50 mA cm-2 every 500 s and returned to 10 mA cm-2 after the 

test at 300 mA cm-2 was also performed. As shown in Fig 4.13D, the potential kept 

constant at each step and it was completely recovered after the high current density 

operation, indicating that the CuOx NWs@NiMnOx NSs/CF electrode had good electro-

conductivity and mechanical robustness. Meanwhile, as shown in Fig. 4.13E, the CuOx 

NWs@NiMnOx NSs/CF electrode maintained stable at the standard current density of 10 

mA cm-1 for at least 60 h continuous test whereas its polarization kept almost unchanged 

after the cyclic voltammetric test for 1000 cycles, indicating that this electrocatalyst had 

excellent long-term stability in the alkaline medium, which is similar as other Mn-

containing ones. [28, 30-37, 79, 104] In addition, comparing with other reported excellent 

Ni- and Mn-based electrocatalysts for HER, as shown in Fig. 4.13F, the HER performance 

of CuOx NWs@NiMnOx NSs was also on the top level. 

 
Figure 4.15 Cyclic voltammetry curves of (A) bare CF (CF), (B) CuOx NWs/CF, (C) 

CuOx NWs@MnOx/CF, (D) CuOx NWs@NiO/CF, (E) CuOx NWs@NiMnOx NSs/CF 

collected between a potential range of 0.1-0.3 V (vs RHE) with scan rates of 5, 10, 15, 

20, 25, 30 mV/s, respectively, in 1.0 M KOH solution. (F) Dependence of current on the 

scan rate at different double layer capacitances for the estimation of the electrochemical 

active surface area. 

Figure 4.16A shows LSV polarization curves for OER over various prepared 

electrodes in 1.0 M KOH solution with a scan rate of 2 mV/s. One can see that the CuOx 
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NWs@NiMnOx NSs/CF electrode exhibited low overpotentials of 225 and 370 mV at 

the current densities of 10 and 100 mA cm-2, respectively, which were much lower than 

those of CuOx NWs@NiO/CF (150 mV @10 mA cm-2 and 520 mV @100 mA cm-2), 

CuOx NWs@MnOx/CF (326 mV @10 mA cm-2 and 547 mV @100 mA cm-2), CuOx 

NWs/CF (386 mV @10 mA cm-2 and 685 mV @100 mA cm-2) and the bare CF (496 mV 

@10 mA cm-2). Especially, it showed higher catalytic performance for OER even than 

that of the benchmark RuO2 coated CF electrode (301 mV@10 mA cm-2). Meanwhile, as 

shown in Fig. 6B, it exhibited a Tafel slope as low as 80 mV dec-1, which was also lower 

than that of RuO2 coated CF electrode (86.8 mV dec-1). Herein, the oxidation states of 

metal elements could involve in the formation of intermediates during OER followed the 

following process: M + OH- ↔ M(OH)ad
- ↔ M(OH)ad ↔ M(OH)ad + e- or M + OH- ↔ 

M(OH)ad + e-, in which the charge transfer could lead to O2 evolution by M(OH)ad + OH- 

→ Ms +1/2O2 + H2O + e-. [105] Fig. 4.16C shows the Nyquist plots and the corresponding 

equivalent circuits. It revealed that the charge-transfer resistance (Rct) of the CuOx 

NWs@NiMnOx NSs/CF electrode was much lower than others, implying the fast 

electron transfer in it. Meanwhile, the CuOx NWs@NiMnOx NSs/CF also had a small 

series resistance (Rs), indicating the highly electrical integration and the intimate contact 

of the electrocatalysts with the substrate. Fig. 4.16D shows the multi-current step test for 

the OER over CuOx NWs@NiMnOx NSs/CF electrode started from the current density 

of 10 until 300 mA cm-2 with an increment of 50 mA cm-2 every 500 s and returned back 

to 10 mA cm-2 after performed at 300 mA cm-2, in which the potential kept constant at 

each step and it was completely recovered after the high current density operation, also 

indicating that the CuOx NWs@NiMnOx NSs/CF electrode had good electro-

conductivity and mechanical robustness in OER process. Moreover, as shown in Fig. 

4.16E, the CuOx NWs@NiMnOx NSs/CF electrode also had excellent long-term stability 

at the standard current density of 10 mA cm-2 for at least 60 h continuous test whereas its 

LSV polarization kept almost unchanged after the cyclic voltammetric test for 1000 

cycles. In addition, comparing with other reported excellent Ni- and Mn-based 

electrocatalysts for OER, as shown in Fig. 4.16F, the OER performance of CuOx 

NWs@NiMnOx NSs was also ranked in the top level. 
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Figure 4.16 (A) LSV polarization curves for OER over various prepared electrodes at a 

scan rate of 2 mV/s; (B) Tafel plots; (C) Nyquist plots of various electrodes at an 

overpotential of 200 mV. (D) Multi-current step test for the CuOx NWs@NiMnOx 

NSs/CF electrode started from the current density of 10 until 300 mA cm-2 with an 

increment of 50 mA cm-2 every 500 s and returned to 10 mA cm-2 after tested at 300 mA 

cm-2; (E) Chronopotentiometric curve obtained with the CuOx NWs@NiMnOx NSs/CF 

electrode in 1.0 M KOH solution with the standard current density of 10 mA cm-2 for 

continuous 60 h test (inset: OER polarization curves before and after the 1000 cycles).  

(F) Comparison with the reported results on the Ni- and Mn-based electrodes at the 

standard current density 10 mA cm-2 in the alkaline media: NiFe-LDH-US [4], Ni3FeN-

NPs [9], Co2+/MnO2 [20], Ni2.0Mo0.26@NC [26], , Mn3O4@NF [40], NiFe@NiO/NF [44], 

NiO/Ni [44], NS-MnO2 [49],  NiMn LDH/ NiCo2O4 [52], selenide- NiMn LDH/GC [63], 

NiMn LDH/RGO/NF [68], NiMn-LDH/GC [68], Ni5Mn-LDH/MWCNT [71] (US: 

ultrasonic treatment; NPs: nanoparticles; NC: nitrogen-doped carbon; NF: nickel foam; 

LDH: layer double hydroxide; RGO:reduce graphene oxide; GC: glassy carbon; 

MWCNT: Multi-walled carbon nanotubes ). 

mailto:Ni2.0Mo0.26@NC
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4.3.3 HER and OER in neutral pH medium. 

The catalytic performances of the CuOx NWs@NiMnOx NSs/CF electrode for HER and 

OER in the neutral pH medium (1.0 M PB solution) were further investigated. As shown 

in Figures 4.17A and 4.17B, for the HER, the CuOx NWs@NiMnOx NSs/CF electrode 

presented a much lower overpotential of 80.7 mV at the standard current density of 10 

mA cm-2, which was near that of the commercial 20%wt Pt/C/CF electrode. Moreover, 

the overpotentials at high current densities of 50 mA cm-2 and 100 mA cm-2 (498 mV and 

556 mV) were even lower than those of commercial 20%wt Pt/C/CF electrode. 

Meanwhile, the Tafel slope of CuOx NWs@NiMnOx NSs/CF electrode was also as low 

as 77.6 mV dec-1, which was close to that of the commercial 20%wt Pt/C coated CF 

electrode (Tafel slop: 63 mV dec-1), indicating the favorable catalytic kinetics. The 

electrochemical reaction in the neutral pH solution could occur via the Volmer-Tafel 

reaction pathway or Volmer-Heyrosky reaction pathway (H2O + e- → Hads + OH-), 

Heyrovsky pathway (Hads + H2O + e- → H2 + OH-), and Tafel pathway (2Hads → H2). As 

such, the adsorbed water molecule on the electrocatalyst could be reduced to a hydrogen 

atom (H) and hydroxide ion (OH-) via either Volmer Tafel or Volmer-Heyrovsky 

pathways. Based on the Tafel slope value of CuOx NWs@NiMnOx NSs/CF in neutral 

pH medium, the HER over it should be via the Volmer-Heyrovsky pathway. [106, 107] 

Meanwhile, for the OER, the CuOx NWs@NiMnOx NSs/CF electrode exhibited an 

overpotential of 390 mV at the standard current density of 10 mA cm-2 with a small Tafel 

slope of 101.6 mV dec-1. Meanwhile, the CuOx NWs@NiMnOx NSs/CF electrode also 

showed higher OER performance than the commercial RuO2 on Cu foam. In the neutral 

pH media, the intermediates most commonly generated in the catalytic process of OER 

over the transition metal oxides could be M-OH2, M-OH, and M-O species, which should 

be also formed on the CuOx NWs@NiMnOx NSs with various elemental valence states 

in the PB neutral pH solution. 
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Figure 4.17 LSV polarization curves for HER and OER over the CuOx NWs@NiMnOx 

NSs/CF electrode at a scan rate of 2 mV/s  and compared with the noble-metal-based 

catalysts of Pt/C and RuO2 in the neutral pH media; (B) Tafel plots corresponding to Fig. 

6 (A); (C) Multi-current step test for the CuOx NWs@NiMnOx NSs/CF electrode started 

from the current density of 10 until 300 mA cm-2 with an increment of 50 mA cm-2 every 

500 s and returned to 10 mA cm-2 after tested at 300 mA cm-2. (D) Chronopotentiometric 

curves obtained with the CuOx NWs@NiMnOx NSs/CF electrode in 1.0 M PB solution 

with the standard current density of 10 mA cm-2 for continuous 40 h HER and OER tests; 

(E) Comparison with the reported results on the Ni- and Mn-based electrodes at the 

standard current density 10 mA cm-2 for HER in the neutral pH solution: MnMoO4 

NSA/NF [2], Mn-NiO-Ni/Ni-F [8], CoNiP/NF [17], NiP2/CC [10], Mo-Ni2P/NF [41], 

Mn-Ni2P/CC [10], Ni-Mo-S [47], NiS2/MoS2 [51], Mn-Co-P/Ti [21]. (Herein, NF: nickel 

foam; Ni-F: nickel foam; CC: carbon cloth) (F) Comparison with the reported results on 

the Ni- and Mn-based electrodes at the standard current density 10 mA cm-2 for OER in 

neutral pH solutions: CoP NA/CC [64], Co2S4 ultrathin nanosheet [69], Co-Bi NS/G [70], 

np-Co9S4P4 [67], a-Co2P [77], Ni(S0.5Se0.5) [79], CuCo2O2/NrGO [80], 

NiCo2Te4/PTCDA [72]. (Herein, CC: carbon cloth; G: graphene; PTCDA: perylene-3, 4, 

9, 10-tetracarboxylic dianhydride). 
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As such, the OER that occurred on it could involve a turnover-limiting chemical step 

preceded by a proton-coupled electron transfer (PCET) equilibrium step where the 

HPO4
2- ions in the solution served as the proton acceptor for the proton generated on the 

surface of CuOx NWs@NiMnOx NSs as reported in the literature. [108]  Fig. 4.17C 

shows the multi-current step tests for the HER and OER over CuOx NWs@NiMnOx 

NSs/CF electrode started from the current density of 10 until 300 mA cm-2 with an 

increment of 50 mA cm-2 every 500 s and returned to 10 mA cm-2 after the operation at 

300 mA cm-2, in which both potentials also kept constant at each step and both were 

completely recovered after the high current density operation, also indicating that the 

CuOx NWs@NiMnOx NSs/CF electrode had good electro-conductivity and mechanical 

robustness in the neutral pH medium. Moreover, as shown in Fig. 4.17D, the CuOx 

NWs@NiMnOx NSs/CF electrode also had excellent long-term stability at the standard 

current density of 10 mA cm-2 for either HER or OER in 40 h continuous tests. In addition, 

comparing with other reported excellent Ni- and Mn-based electrocatalysts for HER and 

OER as shown in Figs. 4.17E and 4.17F, respectively, the CuOx NWs@NiMnOx NSs 

was also on the top level. 

 
Figure 4.18 XRD pattern of CuOx NWs@ NiMnOx NSs/CF after HER and OER stability 

test in alkaline and neutral media solution. 
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As shown in Figure 4.18, after HER stability test in alkaline and neutral electrolytes, the 

Cu2O phase remained on the electrode but CuO phase disappeared due to the reduction 

environment. Meanwhile, after OER stability test in the alkaline and neutral pH 

electrolytes, both Cu2O and CuO phases remained. However, due to the strong peaks 

corresponding to the Cu substrate on the XRD patterns, the NiMnOx composite phase 

was difficult to be detected by the XRD analysis. Instead, in this study, XPS analysis was 

used to study the elemental valence states in the CuOx NWs@NiMnOx after the stability 

test. As shown in Figures 4.19-4.20 and Tables S4.1-S4.2, the relative ratio of Ni2+ 

increased after the HER stability test, indicating that the Ni3+ species was reduced to Ni2+ 

during the HER process. [109] In contrast, the Ni2+ species on the surface was oxidized 

to Ni3+ after the OER stability test. It should be noted that the high valence is a benefit 

for the OER. [110] Meanwhile, for Mn species, due to the disproportion reaction of 2Mn3+ 

→ Mn2+ + Mn4+, the Mn 2p3/2 peak can be deconvoluted into three peaks at the binding 

energies of 638.02 ~ 640.93 eV, 641.51 ~ 642.02 eV, and 643.29 ~ 644.23 eV, 

corresponding to Mn2+, Mn3+, and Mn4+, respectively. 

Herein, although some Mn3+ species were changed to Mn2+, the relative amount of Mn3+ 

was still higher than those of Mn2+ and Mn4+. These results indicated the Mn3+ in the 

present catalysts was also effectively stabilized by the proportion reaction in either neutral 

pH or alkaline solutions. From the Cu 2p XPS spectrum after the HER stability test, the 

characteristic peaks corresponding to Cu+ and Cu2+ species were observed. Meanwhile, 

from the Cu 2p XPS spectrum after the OER stability test, the characteristic peak of Cu+ 

species was decreased while that of Cu2+ species increased, indicating that the Cu+ (Cu2O) 

on the Cu nanowires was oxidized to Cu2+ (CuO), but these Cu2+ species could act as 

OER active sites. [111] In addition, as shown in Figure 4.21, the morphology of the 

catalysts after the stability test maintained almost the same as the initial one. 

 



126 

 

 
Figure 4.19 High-resolution XPS spectra of the CuOx NWs@NiMnOx NSs after the 

stability test in the alkaline pH solutions for HER and OER: (A) Ni 2p, (B) Mn 2p and 

(C) Cu 2p. 

 

Table 4.1 Element valence states of Ni, Mn and Cu species in the CuOx NWs@NiMnOx 

NSs and their relative percentage ratio based on the deconvolution of peak areas. 

Catalysts 

Peak area ratio of 

Metal species (%) 

Mn2+/Mn3+/Mn4+ Ni2+/Ni3+ Cu+/Cu2+ 

After HER stability test 10.22/52.84/36.94 59.00/41.00 52.17 / 47.83 

After OER stability test 23.60/43.32/33.08 48.63/51.37 35.37 / 64.63 

Fresh - / 57.16 / 42.84 39.07/ 60.93 62.78 / 37.22 
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Figure 4.20 High-resolution XPS spectra of the CuOx NWs@NiMnOx NSs after the 

stability test in the neutral pH solution for HER and OER: (A) Ni 2p, (B) Mn 2p and (C) 

Cu 2p.  

  

Table 4.2 Element valence states of Ni, Mn and Cu species in the CuOx NWs@NiMnOx 

NSs and their relative percentage ratio based on the deconvolution of peak areas. 

Catalysts 

Peak area ratio of 

metal species (%) 

Mn2+/Mn3+/Mn4+ Ni2+/Ni3+ Cu+/Cu2+ 

After HER stability test 34.95 / 36.74 / 28.31 42.97 /57.03 55.9 / 44.1 

After OER stability test 36.02 / 38.28 / 25.70 32.39/67.61 15.32 / 84.68 

Fresh - / 57.16 / 42.84 39.07/ 60.93 62.78 / 37.22 
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Figure 4.21 SEM images of CuOx NWs@NiMnOx NSs catalysts: (A) before the test; 

(B) after HER stability test in 1.0 M KOH solution; (C) after HER stability test in neutral 

PB solution;  (D) after OER stability test in 1.0 M KOH solutions; and (E) after OER 

stability test in neutral PB solution. 

In this work, the CuOx NWs@NiMnOx NSs catalyst exhibited excellent activity in either 

HER or OER. As stated above, it should result from the following factors: (i) hierarchical 

CuOx NWs@NiMnOx NSs core@shell nanostructure increased the surface-active area 

with good charge transferability; (ii) abundant Mn3+ species existed on the surface of the 

NiMnOx NSs, which provided more active sites for either HER or OER; (iii) the 

combining of Mn with Ni effectively decreased the impedance and enhanced the kinetic 

transfer during the reactions; (iv) the direct grown of catalyst on the CuOx NWs covering 

CF substrate reduced the resistance between catalysts and substrate; and (v) more 

importantly, the defect modification and valence state played the crucial roles. Especially, 

the formed additional edge defects should increase to the catalytic active sites, thereby 

leading to higher electrocatalytic activity and internal conductivity. [112, 113]  

4.3.4 Overall-Water Splitting in alkaline and neutral solution. 

Inspired by the superior HER and OER performances of the CuOx NWs@NiMnOx 

NSs/CF electrode, it was used as both cathode and anode to make a two-electrode system 

for the overall water electrolysis. As shown in Figure 4.22A, a low cell voltage of 1.62 V 

at the standard current density of 10 mA cm-2 was obtained in the 1.0 M KOH solution, 
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which is close to the performance of the system composed of noble-metal-based 

electrocatalysts coated electrodes (Pt/C || RuO2). Meanwhile, this two-electrode system 

also had a low cell voltage of ~1.75 V at the current density 10 mA cm-2 in the 1.0 M 

neutral PB solution, which is even lower than that of the system composed by the noble-

metal-based electrocatalysts coated electrodes. Moreover, this two-electrode system also 

exhibited long-term stability in the 1.0 M KOH solution (Fig. 4.22B) as well as in the 1.0 

M neutral PB solution (Fig. 4.22C). In addition, comparing with other recent reported Ni- 

and/or Mn-based bifunctional catalysts in both alkaline and neutral media, it also showed 

more excellent performance (Fig. 4.22B and 4.22C).  

 
Figure 4.22 Overall water electrolysis in neutral and alkaline solutions. (A) LSV curves 

obtained during the overall water electrolysis in the two-electrode cell consisting of CuOx 

NWs@NiMnOx NSs/CF || CuOx NWs@NiMnOx NSs/CF (-/+) and compared with the 

Pt/C||RuO2 (-/+) cell; (B) Chronopotentiometric curves at current density of 10 mA cm-2 

for 40 h continuous test in the alkaline solution (inset: Comparison with the recent 

reported ones: Ni@NC [1], CoMnCH [7], Ni5P4 [13], NiCo2S5 [22], Ni3S2/NF [38], NiFe 

LDH/NF [42] and NiCo2O4/NF [45]. Herein, NC: nitrogen-doped carbon, CH: carbonate 

hydroxide, NF: nickel foam). (C) Chronopotentiometric curve at the current density of 10 

mA cm-2 for 24 h continuous test in neutral pH solution (inset: Comparison with the recent 

reported ones: Ni(S0.5Se0.5) [11], Ni0.5Co0.5P [45], S-NiFe2O4 [62], np-Co3S4P [67], 

NiCo2Te4/PTCDA [72], and CoO/CoSe2-Ti [75]. Herein, PTCDA: perylene-3, 4, 9, 10-

tetracarboxylic dianhydride). 

To assess the Faradic efficiency (FE), the generated H2 and O2 in the two-electrode 

system were collected, and the obtained moles were compared with the theoretical 

amounts of H2 and O2 calculated based on the I–t curves by applying the Faraday law. As 
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shown in Figure 4.23, it is found that the FEs of hydrogen/oxygen productions reached 

nearly 96/95% and 93/94% in the alkaline and neutral pH media, respectively. All these 

results indicated that the obtained CuOx NWs@NiMnOx NSs should be a promising 

bifunctional electrocatalyst for the water electrolysis. 

 
Figure 4.23 Theoretical hydrogen and oxygen evolution amounts vs. measured gas 

evolutions in 1.0 M KOH and 1.0 M PB solutions during the course of electrolysis using 

CuOx NWs@NiMnOx NSs/CF electrodes in the two-electrode system for overall water 

electrolysis. 

4.4 CONCLUSIONS 

In summary, the CuOx NWs@NiMnOx NSs electrocatalyst with a core@shell structure 

was successfully coated on the CF substrate by a three-step process including an oxidation 

step for the construction of nanowire structure on the surface of CF substrate, a UPED 

process to deposit NiMn bimetal hydroxide composite layer on the nanowire and a 

calcination step to obtain the final CuOx NWs@NiMnOx NSs/CF electrode. NiMnOx 

NSs endowed numerous vacancies, scattered defects, and dislocations, which led to the 

partial crack of the inert basal planes, resulting in extra active edge sites and enhanced 

catalytic activity. Besides, the valence states of Ni and Mn elements were unstable in the 

defect-modified NiMnOx, which could change during the electrolysis process. 

Especially, comparing with initial NiMnOx, more Ni3+ and Mn4+ were formed during the 

OER process, which can be simultaneously converted to Ni2+ and Mn3+ during the HER 

process. As a result, the CuOx NWs@NiMnOx NSs electrocatalyst coated electrode 

showed the overpotentials as low as 71.6 and 80.7 mV at the standard current density of 
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10 mA cm-2 with Tafel slopes of 62.7 and 77.6 mV dec-1 for HER and 225 and 390 mV 

with Tafel slopes of 80 and 101.6 mV dce-1 for OER in the alkaline and neutral pH 

electrolytes, respectively, with long-term stability, which are close to or even better than 

the performances of those benchmarking Pt/C and RuO2 electrocatalysts. Moreover, a 

two-electrode system using it as the bifunctional electrocatalyst for the overall water 

electrolysis represented cell voltages of 1.62 and 1.75 V with the FEs of nearly 96/95% 

and 93/94% for hydrogen/oxygen productions in the alkaline and neutral pH electrolytes, 

respectively. 
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CHAPTER 5 Conclusions and Prospect 

5.1 Conclusions 

Water splitting is an attractive technology for the production of pure oxygen and hydrogen 

gas via an electrochemical way, which can be also transferred from unstable renewable 

energy to stable chemical energy. The main factor to drive efficient water splitting over 

the electrocatalysts is the overpotential, which is different in acidic, alkaline, and neutral 

electrolytes. In this study, a novel Ni-based nanostructured electrocatalyst for OER, a 

new-type nickel-cobalt phosphide electrocatalyst for HER with long-term stability in a 

wide pH condition, and core-shell nanostructured bifunctional electrocatalysts for overall 

water splitting were developed, and the following conclusions were obtained:  

➢ To decrease the overpotential in the OER process, a NiO microflake@NiFe-LDH 

nanosheet with core@shell heterostructure was grown on a 3D Ni foam substrate by 

using a two-step hydrothermal synthesis followed by a calcination process, which 

exhibited high efficiency with an overpotential of 265 mV@10 mA cm−2. Furthermore, 

after treated in organic solution via an ultrasonic method, the overpotential was 

decreased to 210 mV with a small Tafel slope of 72 mV dec−1 in the alkaline solution. 

Additionally, the NiO@NiFe-LDH/NF-US showed the synergistic interactions 

between NiO micro flakes and NiFe-LDH nanosheets with a special 3D nanostructure, 

which contributed to the enhanced activity performance and excellent long-term 

stability in at least 50 h even at high current densities of 50 and 100 mA cm−2, with 

high faradic efficiency of O2 production. 

➢ Binder-free graphite carbon combined NiCo alloy phosphide nanocomposite, i.e., 

NiCoP-C(TPA), with unique nanostructure was successfully prepared by using 

terephthalic acid as the soft template to derive NiCo bimetallic precursor film on NF 

in a hydrothermal synthesis process, followed by calcination in an Ar atmosphere and 

phosphorization treatment with P source (NaH2PO2). The bimetallic NiCo phosphide 

nanoparticles were well combined with the graphite carbon, which exhibited much 

higher activity than the monometallic phosphides with an overpotential as low as 78 

mV@ 10 mA cm-2, a small Tafel slope of 73.4 mV dec-1, a faradic efficiency of ~ 94% 

and long-term stability at the high current density in the alkaline electrolyte. 

Meanwhile, it also exhibited superior HER performance in the acidic electrolyte with 
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an overpotential of 94 mV@10 mA cm-2, a Tafel slope of 81.1 mV dec-1, and long-

term stability although, in the neutral electrolyte, a relatively high overpotential of 

248 mV@10 mA cm-2 with a high Tafel slope of 112.5 mV dec-1 was obtained. It 

indicated that using polycarboxylic acids (organic solution) as templates is an 

effective way to produce high-performance bimetallic phosphide-based 

electrocatalysts with a special nanostructure for HER.  

➢ To fabricate a bifunctional catalyst for the overall water splitting, a core@shell 

structure electrocatalyst of CuOx NWs@NiMnOx NSs was successfully coated on 

the CF substrate by a three-step process including an oxidation step for the 

construction of nanowire structure on the surface of CF substrate, a UPED process to 

deposit NiMn bimetal hydroxide composite layer on the nanowire and a calcination 

step. Herein, nickel-manganese oxide endowed numerous vacancies, scattered defects, 

and dislocations for the enhancement of catalytic activity. Moreover, combining 

oxides with bimetallic elements was considered as an efficient route to modify the 

electronic distribution for improving the intrinsic activity of electrocatalysts, and 

further engineering the defect structure and adjusting the valence state could provide 

more adsorption sites as well as active sites for the decomposition of the reactants 

and/or intermediates. NiMnOx nanosheets with rich defects were electrochemically 

deposited on the surface of Cu(OH)2 nanowires followed by a thermal treatment 

process to form a CuOx nanowires @NiMnOx nanosheets (CuOx NWs@NiMnOx 

NSs) electrocatalyst with core-shell configuration. Structure characterizations 

indicated that NiMnOx nanosheet had numerous vacancies with scattered defects and 

dislocations with partial cracking of the inert basal planes, resulting in extra active 

edge sites and coordination-unsaturated spinel crystal. As such, the valence states of 

Ni and Mn elements became unstable in the defect modified NiMnOx materials under 

the applied potential. Comparing with the initial NiMnOx, more Ni3+ and Mn4+ were 

formed during the oxygen evolution reaction (OER) whereas they were converted to 

Ni2+ and Mn3+ during the hydrogen evolution reaction (HER). These controllable 

valence state changes of metal elements endowed the NiMnOx to have a high ability 

for catalyzing overall water electrolysis. As a result, the CuOx NWs@NiMnOx NSs 

bifunctional electrocatalysts exhibited high performances in both HER and OER in 

alkaline electrolyte. Meanwhile, by using the same electrocatalysts in the neutral 
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electrolyte, the overpotentials@10 mA cm-2 was also as low as 80.7 and 390 mV with 

Tafel slopes of 77.6 and 101.6 mV dce-1 for HER and OER, respectively. A two-

electrode overall water electrolysis system using this bifunctional electrocatalyst 

exhibited low cell voltages of 1.62 and 1.75V in the alkaline and neutral electrolytes 

respectively at the standard current density of 10 mA cm-2 with long-term stability, 

indicating that this CuOx NWs@NiMnOx NSs core@shell-type material should be 

effective bifunctional electrocatalysts in both alkaline and neutral pH media. 

5.2 Prospects 

Although some excellent electrocatalysts have been developed in the work and by other 

researchers, for the large-scale application, various researches and developments are still 

necessary for future works: 

➢ Electrocatalysts support: To date, various 3D electrocatalyst supports such as nickel 

foam (NF) and Cu foam (CF) have been widely applied as the electrode substrates 

and the obtained electrodes always exhibited highly active for the OER, HER, and 

both. However, these metal foams are unstable in the acid electrolyte. It is suggested 

to develop non-metal 3D supports based on carbon materials for the loading of 

electrocatalysts for the water splitting in a wide pH environment. 

➢ Higher performance electrocatalysts: To date, various electrocatalysts with 

excellent performances have been developed in the lab. However, for practical 

applications, those electrocatalysts which can work as the bifunctional 

electrocatalysts for the overall water splitting in a wide pH range are still necessary. 

Especially, how to coat them in a large-area electrode and how to make them stable 

in extreme conditions are expected. Among various electrocatalyst materials, some 

transition metals such as Mn and W should be promising candidates for water splitting 

in all pH ranges. It is suggested to develop Mn and/or W-based electrocatalysts for 

water splitting. 

➢ Electrolyte environments: Various electrocatalysts have shown excellent 

performances for HER and OER in the environments of strong acid or alkaline 

electrolytes. However, the strong pH condition always results in a corrosive issue. In 

future studies, more attention should be paid to the developments of electrocatalysts 

which can work in neutral electrolytes and even in seawater. 
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