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Abstract 

The content of this thesis includes most of my research work during my Ph.D., and it is 

categorized into two aspects– hydrogen oxidation and hydrogen production. Together 

with hydrogen transportation/storage, they are central to hydrogen economy. To 

realize hydrogen economy for the future, we aim to develop non-noble, cost-effective 

catalysts for efficient and stable hydrogen oxidation and production. The body of this 

thesis consists of 6 chapters: the first chapter is background introduction and literature 

review; the
 
second and

 
third are for hydrogen oxidation in SOFC; the last three 

chapters are the summary of electrochemical hydrogen production by using 

molybdenum based non-noble catalysts, including porous Mo2C rods, binary 

Mo2C/WC nanowires, and bulk MoP. 

 

Adopting the electrode configuration of the state-of-the-art Ni based anode, e.g., Ni‒

YSZ and the concept of full-ceramic anode, e.g. Sr2M1-xMoxO6-δ, we propose to use 

highly conductive SrMoO3 (~10
3
 S cm

-1
 [1]) to replace Ni, forming a composite anode 

with YSZ. Concerning the catalytic activity of pristine SrMoO3‒YSZ anode, different 

mass loadings of GDC were infiltrated. Regarding the improved performance for 

hydrogen oxidation, various characterizations are applied, e.g. EIS, linear polarization, 

and potentiostatic test etc., to examine its redox cycling stability, influence of water 

content in H2 for optimal power output.  

Subsequently, in chapter 3, dopant calcium is used to partially substitute for Sr in the 

A site of perovskite structure, forming a catalyst of Sr1-xCaxMoO3 for hydrogen 

oxidaion in SOFCs. Structural destablization is evoked by Ca substitution, causing Mo 

ex-solution on the surface of host anode Sr1-xCaxMoO3‒GDC.  Characterizations, e.g. 

XRD and TGA, are employed to have verified the reversibility of Mo ex-solution, 
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which ensures Sr1-xCaxMoO3‒GDC anode good redox cycling stability. Analysis 

through the Rietveld method to refine XRD data reveals that structure evolution is 

responsible for the ex-solution of metal Mo. The Mo ex-solution boosts the 

performance of H2 oxidation at 800 ºC, achieving 330 mW cm
-2

 compared to 280 mW 

cm
-2

 for SrMoO3‒GDC. 

 

For hydrogen production, we firstly synthesized porous Mo2C rods with different 

loadings of metal Mo via the route of anisotropic growth of anilium trimolybddate. 

The investigation of electrochemical activity and measurement of conductivity show 

that porous Mo2C rod is an excellent catalyst for HER both in acidic and alkaline 

media, and possesses high conductivity (~30 S cm
-1

). It is also found that nano-sized 

metal Mo on the surface has negative contribution to the performance, and Ni-

impregnated porous Mo2C rods exhibit nearly zero onset potential in alkaline, like Pt. 

Then, we integrated Mo2C with WC in a nanowire structure. The electrochemical test 

results indicate that cyclic voltammetry scans (0 to 0.63V vs. RHE) would induce a 

hydrophilic interface that leads to much enhanced performance in catalysing HER in 

acid. We employ XPS, TEM coupled EDX, to characterize the binary nanowire, and 

find that the high activity for HER is ascribed to the features of high conductivity 

because of WC, well-dispersed Mo2C nano particles as the active sites, and 

electrochemically induced carboxyl interface. 

 

Finally, we adopt MoP, a good catalyst for HDS. For the first time, we intuitively 

examine its activity of HER in acid. The results of electrochemical tests suggest that 

even bulk MoP performs well in catalysing HER. Experimental investigation of the 

catalytic activity of metal Mo, Mo3P, and MoP points out that the degree of 

phosphorization plays an important role in making a good catalyst for HER. 
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Theoretical study attests that phosphorus site in MoP functions as a ‘hydrogen 

deliverer’, achieving zero Gibbs free energy at certain H coverage, and is responsible 

for the high performance obtained for HER in both acid and alkaline. 
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Chapter 1 Introduction and literature review  

1.1 Introduction 

1.1.1 Hydrogen economy 

Hydrogen is the lightest element in periodic table. Its molecular form, H2 is able to 

generate the highest energy per unit weight among common fuels, e.g. hydrocarbons, 

without carbon emission. This carbon-neutral energy carrier is proposed as a 

promising substitution for fossil fuels [2] in this century, and the system that delivers 

energy using hydrogen gives rise to the term-hydrogen economy. The initiation of 

hydrogen economy in modern society started from a report by John Brokris in 1970 [3]. 

Since then, the development of hydrogen economy, involving its production, 

transportation, and end use, burgeoned [4-7]. Unfortunately, to date, hydrogen is still 

far from the market acceptance as the major energy source. Regardless of the 

underdevelopment of the technology for hydrogen storage that mainly replies on 

compression to liquid form under high pressure cryogenically [8-10] in high capital, 

the major use (59% [11] or nearly half) of the produced H2 is surprisingly for the 

synthesis of ammonium, which is directly or indirectly used as fertilizer [12]. The 

other half the H2 is serving the oil industry by converting heavy petroleum to on-board 

use of gasoline. The primary means for the utilization of H2 in a green way, free of 

carbon emission is proposed as hydrogen-fueled internal combustion engine and fuel 

cells.  

A direct substitution H2 for fossil fuel in internal-combustion engine gives hydrogen-

fuelled internal combustion engine (H2ICEs), which is envisaged a promising future 

with intrinsic advantages over that fueled by gasoline. Apart from the lowest molecular 

weight that gives the highest energy output per unit weight, the high diffusivity 

relative to gasoline and wide range of flammability enable high-quality governing of 
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the throttling without pumping loss [13] because of the easy mixture of fuel with 

air/O2 in wide options of ratios. Besides, it achieves lower level of NOx emission or 

even zero emission if lean operation is adopted [14], higher thermal efficiency (43.37% 

vs. 35.74% for gasoline engine [15, 16]) compared to gasoline engines. Several 

paradigms were shown in the demonstration of H2ICEs powered microbus [17], 

forklift [18]. However, the drawbacks and limitations are equally exposed after it is 

made into on-board use products, including the innate abnormal combustions (pre-

ignition, backfire, knock etc.), which are even more severe than gasoline engine due to 

the low flammability of H2. Comparative studies of H2ICEs and gasoline engine show 

an inferior peak power output of H2ICEs, below 83% [19, 20] or only 50% [21] 

relative to gasoline engine, and this problem is highly correlated with the extremely 

low volumetric power density.  

An advanced power generation system is needed, which satisfies high conversion 

efficiency, power output, while achieving environment-friendly, zero emission of 

greenhouse gas and nitrogen oxides (NOx). Fuel cells with all aforementioned 

characteristics emerge as promising devices for future. This device works beyond the 

mechanism of Carnot cycle (adopted by internal combustion engines), free of the 

constraint by Carnot principle, and they directly converts chemical energy to 

electricity in high efficiency, and reversely store remaining energy from intermittent, 

unevenly distributed sources (e.g. solar, wind energy) to valuable chemicals/energy 

carriers. In addition to high reversibility, fuel cells are of high scalability, built in the 

size of a central power plant to distributed household power supply, and even portable 

devices for daily use. Given this, fuel cells are about to be a major form in hydrogen 

economy in the future.  



Chapter 1 Introduction and literature review 

 15 

1.1.2 Utilization of H2 in fuel cells  

Fuel cell can be traced back to 1830s’ by a German chemist Christian Friedrich 

Schönbein and a Wels Physicist William Grove [22-24]. Their initiative model 

engenders modern technology of fuel cells. Up to date, five primary types of fuel cells 

are well developed – Polymer Electrolyte Membrane Fuel (PEM), Phosphoric Acid 

Fuel Cell (PAFC), Alkaline Fuel Cell (AFC), Molten Carbonate Fuel Cell (MCFC) 

and Solid Oxide Fuel Cell (SOFC) with their properties summarized in table 1-1. 

Being distinguished from internal combustion engine, fuel cells undergo through a 

different route, where chemical reactions of fuel, oxygen/air happen individually in 

anode, cathode, separated by electrolyte. Anode where fuel is oxidized, thus is charged 

negative with electron flowing via external circuit to cathode; Cathode where 

oxygen/air is reduced, thus is charged positive. In this process, electrolyte delivers 

charges in the forms of mobile ions, e.g. H
+
, O

2-
, which is determined by the type of 

the charge carrier of the electrolyte used. For the five prototypes of fuel cells, their 

work mechanism is shown in Figure 1-1, and their specific electrochemical reactions 

are list in Table 1-2. 

1.1.2.1 Proton exchange membrane fuel cell (PEMFC) 

PEMFC, as reflected by its name, essentially consists of a membrane that only allows 

proton to pass through (i.e. H
+
) and anode, separated with cathode typically that are 

composed of Pt as the catalysts uniformly scattering on carbon paper/cloth. Its working 

environment (electrolyte) is acid at the temperature ranging from 50 to 100 ºC. By 

adopting noble metals as the catalyst, PEMFC has achieved impressive  
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performance as an energy device. When operating on hydrogen, it reaches the power 

density of 1.35 kW/liter compared to 0.06 kW/liter for AFC [25]. It is also reported 

that PEMFC powered vehicles can accelerate from 0 to 97 km/h in less than 16 s, 

reaching a top speed of 135 km/h [26]. However, the major obstacle for its 

commercialization is the high production cost due to using noble catalyst. Efforts have 

been made, and will continue to focus on the reducing the use of Pt, thus rendering 

PEMFC as a more competitive, efficient and cost-effective device. They are lying in 

following aspects: (1) synthesis of nano-structured Pt to maximize the ECSA; (2) Pt-M 

[27] (M= Co [28, 29], Ni [30], Cr, V [31], Fe [32],  Cu [33, 34]) alloys to expose the 

most active crystal surface while stabilized by M; (3) novel catalysts developing to 

replace Pt; (4) combined strategy 1 and 2. On the other hand, the state-of-the-art 

Nafion membrane holds high protonic conductivity (~ 0.1 S/cm) as well as high price, 

so that not only further lessening ohmic loss is needed by improving its conductivity, 

cost-reduction should be persistently pursued. In the past decades since it drew 

attentions, the catalyst loading has reduced significantly from 30 – 40 mg/cm
2
 to well 

below 1 mg/cm
2
 [35], and it is anticipated that another factor of 5-10 would be attained 

by advanced technologies. 

1.1.2.2 Phosphoric acid fuel cell (PAFC) 

Phosphoric acid fuel cell is one type of PEMFC by using phosphoric acid as the 

electrolyte [36]. Its configuration is similar to typical PEMFC by using noble metal Pt 

or its alloys that are highly dispersed on carbon as the electrode where fuels are 

regulated in channels by bipolar plates. PAFC is firstly built in stack as a model 

demonstration of PEMFC power plant 1969 by United Technology Corporation (UTC), 

but towards the end of last century, the development of PAFC is  
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Table 1 - 1 Properties of PEMFC, PAFC, AFC, MCFC, SOFC 

Fuel Cell Type Operation 
Temperature 

Typical 
stack size Efficiency Advantage Disadvantage 

proton exchange 
membrane fuel 

cell 
(PEMFC) 

50 - 100 ºC 
(typical 80 ºC) 

1kW to 
100kW 60% 

low corrosion 
management 

problem 

expensive catalyst 
sensitive to 
impurities 

phosphoric acid 
fuel cell 
(PAFC) 

150 - 200 ºC < 400kW 
module 40% high tolerance of 

impurities 

long start up time 
and expensive 

catalyst 

alkaline fuel cell 
(AFC) 23 - 70 ºC  10 —100kW 60% Low cost 

components sensitive to CO2 

molten 
Carbonate fuel 

cell 
(MCFC) 

600 - 700 ºC 300 kW 
module 

45% 
to 

50% 

high efficiency 
and fuel 

flexibility 

high corrosion rate 
at high temperature 

and long start up 
time 

solid oxide fuel 
cell  (SOFC) 600 - 1000 ºC < 2 MW 60% 

high efficiency 
and suitable for 
CHP & CHHP 

high temperature 
corrosion and 
breakdown of 
components 

 

Table 1 - 2 Electrohemical reactions, electrolytic ion for typical fuel cells 

Type of Fuel cells Anode reaction Charge 
carrier Cathode reaction 

PEMFC H2 ➞ 2H+ + 2e- H+ 1/2O2 + 2H+ + 2e- ➞ H2O 

PAFC H2 ➞ 2H+ + 2e- H+ 1/2O2 + 2H+ + 2e- ➞ H2O 

AFC H2 +2OH- ➞ 2H2O + 2e- OH- 1/2O2 + H2O + 2e- ➞ 2OH- 

MCFC H2 + CO3
2-➞ CO2 + H2O + 2e- CO3

2- 1/2O2 + CO2 + 2e- ➞  CO3
2- 

SOFC 
H2 ➞ H+ + e- H+ 1/2O2 + 2H+ + 2e- ➞ H2O 

H2 + O2- ➞ H2O + e- O2- 1/2O2 + 2e- ➞ O2- 

dwindling, which is due to the high cost of large power plant construction. Future 

researches are proposed to focus on the reduction of Pt use. Technical solutions such 

as metal alloys are to be adopted, and the same competitive performance of Pt alloys is 

being pursued. On the another hand, long-term durability still fall short. As suggested 

by post characterization after operation for 5000 h [37], severe corrosion took place on 

carbon; recrystallization and aggregation of Pt occurred. Overcoming the drawbacks of 

PAFC may set an exemplary model for other types of fuel cells  
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1.1.2.3 Alkaline fuel cell (AFC) 

Alkaline fuel cell basically use KOH (30% – 35 wt.%) as the electrolyte, OH
-
 as the 

charge carrier in the electrolyte. The non-acid media enables the use of non-noble, 

earth-abundant metals. Among them, nickel with unique activity in alkaline solution, is 

chosen for AFC as anode material. The well-developed, state-of-the-art nickel material 

for electrode is Raney nickel [38, 39]. It is generally prepared by dissolving off 

aluminium from aluminium-nickel alloys, followed by passivation in air, reactivation 

through electrochemical processes [40]. Electrode could be made by rolling Raney 

nickel with PTFE/carbon. To enhance catalytic properties, dopants at a weight ratio of 

1 – 3% [41] are incorporated, in binary systems, e.g. Ni-Mo [42], Ni-Ti [43], Ni-Cr 

[44], Ni-Cu [45, 46], and ternary alloys Ni-Mo-Fe etc. [47, 48]. The oxygen electrodes 

adopts silver, which can be prepared similarly to Raney nickel electrode, and achieved 

equivalent performance as Pt electrode [49]. 

  

Figure 1 - 1 Schematic illustration of working mechanism for fuel cell 
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One critical challenge is to overcome the sensitivity of the electrolyte (alkaline) to CO2, 

likely causing precipitation of electrolyte (carbonate) that lowers the ionic conductivity 

and obstructs porous electrodes. Regarding to the application of AFC in future, its 

lifetime, reliability, solutions to high cost should be concerned in order to be 

competitive against combustion engine (US $150/kW vs. $400-500/kW for AFC) [25, 

40]. 

1.1.2.4 molten carbonate fuel cell (MCFC) 

Molten carbonate fuel cell uses carbonate salts as the electrolyte, i.e. CO3
2-

 as the 

charge carrier. Several features of MCFC pose itself advantage over other types fuel 

cells: (1) working at high temperature enables MCFC to adopt non-Pt materials as the 

electrode, e.g. nickel/nickel oxide, which could potentially reduce the cost of unit 

production; (2) compared to PEMFC and AFC, molten carbonate salt is free of 

poisoning of CO2/CO; (3) unlimited to hydrogen fuel, MCFC is able to utilize versatile 

fuels, e.g. biogas, hydrocarbon etc..  

Long-term stability is the major concern for MCFC. Poor durability is originated from 

the  severe corrosion of electrode in molten carbonate salt under its work condition. To 

overcome poor durability and high fabrication cost is key for the advancement of 

MCFC in future.  

1.1.2.5 Solid oxide fuel cell (SOFC) 

Solid oxide fuel cell (SOFC) is another device that is able to adopt non-noble metal as 

electrode materials. The cermet electrode, typically Ni–YSZ, is composed of metal and 

ceramics formed in physical mixture, of which ceramic provides the oxygen source 

through conducting oxide ions (O
2-

), and metal, functions as both electrical conductor 

and catalyst for H2 adsorption/dissociation. Triple phase boundary (TPB) is formed 

between them as the reaction sites, where fuel (H2), electrons, O
2-

 meet.  Up to date, 

the state-of-the-art cermet Ni–YSZ based anode, by adopting an advanced anode-
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support cell configuration, achieves high performance in the temperature range of 600 

ºC ~ 800 ºC (intermediate temperature SOFC: IT-SOFC). Generally, the optimized 

anode support planar single cell that configures,  e.g., Ni–YSZ with the anode (800 µm 

~ 1mm), ~10 µm YSZ as the electrolyte [50] and LSM–YSZ (~30 µm) as the cathode, 

achieves ~ 1 W cm
-2

 [51-53] in H2 at 800 ºC.  

Although researches of stack-cell have advanced to Megawatts, e.g. 250 MW [54], the 

same issue for commercialization encountered by SOFC, likewise the other types of 

fuel cells, is the high production cost. Bloom Box ES 5000 energy server quotes a 100 

kW per unit for 800,000 dollars [55]. Japanese government is still subsiding household 

SOFCs setups for boosting the use of clean energy. On the cusp of the 

commercialization for the SOFC, obstacles are to overcome. Although possessing 

many advantages, nickel based anode still exhibits shortcomings. Poor redox stability 

upon the start-up and shutdown evokes a large volume expansion of 69.2 % caused by 

nickel oxidized  nickel oxide [56], and vice versa in volume shrinkage. Large volume 

change that reaches beyond the tolerance limit of YSZ could lead to cell collapse. High 

humidity conditions (large current density) inevitably facilitate surface oxidation of 

nickel, and the low tolerance to fuel impurities (H2S etc.) causes permanent damage to 

nickel based anodes, thus losing active sites. Those drawbacks of nickel calls forth 

new anode materials with the challenge to achieve high redox stability, tolerance of 

sulfur, catalytic activity etc.. To face off the challenges, full ceramic materials are 

proposed for SOFC [57], and they are reviewed in section 1.2.1. 
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1.1.3 Production of hydrogen 

For the realization of hydrogen economy imminently, production of hydrogen is 

placed at top priority, and the production should be cost-effective and is from 

renewable and sustainable energy so that the whole cycle by introducing hydrogen is 

environment-friendly and contributing positively. Globally, approximately 50 billion 

kilograms of hydrogen per year is consumed, primarily in petroleum refining [58]. To 

cater for the large consumption, five key production methods are developed, which are 

steam reforming, biological production (via a fermentative process), thermochemical 

production, photovoltaic assisted water-splitting, electro-chemical production 

(catalytic electrolysis). 

Steam reforming, is a process of oxygenation of carbonaceous species in steam, by 

which hydrogen in water is freed from oxygen to form hydrogen on catalysts. Various 

sources e.g. methane [59], ethanol [60], glycerol [61] and biomass [58], can be used as 

the carbon sources. In addition, catalysts as an importance factor, determine the 

production rates, efficiency, yield. The state-of-the-art catalyst is supported metal Ni 

that is dispersing on materials with high surface area, such as TiO2, SAB-15 

(mesoporous silica), ZrO2 etc.. By adopting cheap catalysts and widely fetchable 

carbon source, production of hydrogen from steam reforming is among the means with 

the lowest cost. Biological production [62] is to utilize the way that bacteria consume 

organics, e.g. glycerol, carbohydrate [63], and inorganics, e.g., sulfur [64, 65]. 

Through this fermentative process, hydrogen can be yielded. Techniques including 

dark fermentation, photo-fermentation, continuous/fed-batch fermentation are used. 

Issues of low yield, bulky reactor, long residence time [66] are to be addressed for 

cost-effective hydrogen production. Thermochemical production of hydrogen is based 

on the decomposition of water (steam) at high temperature (It need as high as ~2000 

ºC for thermolysis of water [67]). In the process of thermolysis, auxiliary chemicals 
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are added. These added chemicals can integrate hydrogen and/or oxygen to form new 

chemicals through chemical reactions at high temperature, and released them through 

reverse reactions at low temperature with the original chemicals reproduced, which is 

called thermochemical hydrogen/oxygen production. The integration & release cycle is 

termed thermochemical cycle [68]. By introducing the intermediate chemicals, the 

decomposition temperature is decreased, e.g. ~530 ºC via Cu-Cl cycle [68] (vs. 2000 

ºC without chemical reaction cycles); the efficiency is enhanced. A typical S-I (sulfur-

iodine) cycle successfully works at the temperature of 850 ºC, and achieves a 

production rate of 0.065 kg per day [69].  One of the shortcomings of thermochemical 

production is to construct advanced equipment with high tolerance towards high 

temperature, and sometimes high acid-corrosion resistance in the case of S-I cycle. 

Besides, complicated cycles are involved. For example, to separate H2 and I2 in S-I 

cycle, multi-stage procedures are needed [70], and this inevitably increases the cost of 

equipment, production of hydrogen.   

Photovoltaic assisted water splitting for hydrogen production is to utilize the 

photocatalytic activity of semiconductors or artificial photosynthesis system to harvest 

solar energy to reduce water, thus producing hydrogen. The overall working 

mechanism is that based on semiconductor materials with proper band gap, adsorbed 

incident light excites electron from valence band to conduction band, and the excited 

electron is free to reach the catalyst surface, which is the active site with the potential 

low enough (below 0 vs. RHE) to reduce proton or equivalently charged hydrogen 

species to molecular H2. The left hole is either consumed by sacrificial reagent or 

utilized for another half oxidative reaction, e.g. oxygen evolution reaction. Well-

developed systems typically include TiO2 and titanate [71-73], Ta and Nb 

compounds/complex compounds [74, 75], Ga/Ge [76, 77] and other transitional oxide 
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e.g WO6, sulfides. To break the constraint of semiconductors as the catalysts that 

require specified band gap and the capability of light adsorption, artificial 

photosynthesis is proposed [78, 79] by replacing semiconductors with a 

photosensitizer and molecular catalysts.  As shown in Figure 1-2, photosensitizer (PS) 

undertakes the role of light adsorption, after which PS is reduced to PS
-
, and 

subsequently transfer the electron to catalysts to for Cat
-
 that further reduce proton or 

 

 

Figure 1 - 2 Schematic illustration of photocatalytic process with 

photosensitizer and separated catalyst. 

equivalently charged hydrogen species to molecular H2. The left oxidized 

photosensitizer is quenched by sacrificial reagent (Sac). Despite the photocatalytic 

production of hydrogen is justified as the most promising way by directly using solar 

energy, green, zero-emission and environmentally friendly, the low conversion 

efficiency and short lifetime of the catalyst are still the obstacles to be a major route to 

deliver hydrogen.  
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Catalytic electrolysis, i.e. electrochemical water-splitting is to directly use city 

electricity to electrochemically convert water to hydrogen and oxygen gas. To realize 

this, reductive and oxidative reactions are to take place on two separated electrodes to 

ensure high conversion rate and Faradaic efficiency. Given this, electrode materials are 

highly critical, and also because of the cheap electrode materials-Ni that is adopted in 

alkaline electrolysis, alkaline electrolysis is commercialized, up to megawatt [80]. In 

contrast, in acid, limited options in noble metals are still the obstacles for PEM 

electrolysis [81], resulting in the high capital cost of systems. Acidic electrolysis for 

hydrogen production, e.g. PEM electrolysis, provides higher proton conductivity (less 

ohmic loss), lower gas crossover that enables to operate at higher working pressure, 

and higher current density. These attractive attributes are built on the utilization of 

platinum-group metals/metal oxides as the catalysts, e.g. Pt, iridium oxides. To push 

the advance of PEM electrolysis for the application of hydrogen production, novel 

materials at low cost, earth-abundant reservation are explored, and expect to perform 

as well as Pt-group metals, or at least close to. Recently, non-noble catalysts for HER 

have increasingly become a prosperous topic, with exciting results reported constantly, 

and they are reviewed in Section 1.2.2. 
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1.2 Literature review 

1.2.1 Solid oxide fuel cells 

Following section 1.1.2.5, this section will give a review of ceramic anode as a 

substitution for Ni based anode. Ceramic materials have their intrinsic advantages 

when they are applied to high-temperature fuel cell. In contrast to nickel, they have 

better compatibility with electrolyte (YSZ/LSGM that is chosen for IT-SOFC), high 

redox stability with smaller volume expansion, high tolerance of sulfur (impurities in 

fuels), tunable conductivity and catalytic activity towards anodic reactions. The most 

outstanding materials family thereof, are perovskite materials. 

Perovskite is nominally written as ABO3, face-centre cubic (FCC) packed O
2-

, where 

larger size cations occupy 12-coordinated A site, e.g. Ca, Sr, La, Y, Ce etc., and 

smaller size cations occupy 6-coordinated B site, such as Fe, Mo, Ni, Co etc., as shown 

below. 

 

Figure 1 - 3 A, B site in perovskite structure coordinated by O 
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Perovskite material shows versatile properties, such as dielectric properties, high 

conductivities and catalytic activities for H2 or hydrocarbons oxidation. The exemplary 

demonstrations in SOFC is using (La0.75Sr0.25Cr0.5)0.9Mn0.5O3  and Sr2MMoO6 (M = 

Mg, Mo) [57], and they successfully showcased a full-ceramic SOFC device by 

adopting perovskite materials, which attains very impressive performance in both H2 

and CH4. More than just anodic fuel oxidation free of coke in hydrocarbons, they also 

exhibit excellent oxygen reduction at the temperature of 600 ºC to 1000 ºC. Those two 

works widens the scope of exploring novel materials for SOFC, and initiates a 

burgeoning field – full-ceramic SOFC. Herein, Focus on anode materials, two major 

series are introduced, namely, La1-xSrxCr1-yMnyO3-δ (LSCM) and double perovskite 

molybdate. 

1.2.1.1 La1-xSrxCr1-yMnyO3-δ (LSCM) 

Lanthanum strontium manganite (LSM) [82-87] is commonly used as cathode material 

in SOFC at high temperature (above 800 ºC)  due to its excellent conductivity and 

catalytic activity for ORR under oxidizing atmosphere (Mn
4+

/Mn
3+

 couple [88] ~ 485 

S cm
-1

 at 1000 ºC [89]), but not stable under reducing conditions, which limits its 

application in anode. (La,Sr)CrO3 [90, 91] is widely used as the joint material in SOFC 

stack because of its high stability under both reducing and oxidizing conditions, but 

performs poorly as the catalyst for fuel oxidation. A break-through discovery is to 

dope Cr into LSM to form La1-xSrxCr1-yMnyO3-δ (LSCM) [92] as the anode material. 

An exciting performance in wet hydrogen was achieved as shown in Figure 1-4, ~ 200 

mW cm
-2

 at 900 ºC. Sequential studies of LSCM anode materials continued, replacing 

electrolyte with LSGM (higher conductivity), fabrication of compounded anode  
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with ceria based materials, and selectively dopants into A/B site for structural 

engineering at lattice level. For example, for the bare LSCM as the anode, 165 mW 

cm
-2

 was reported by Huang et al. [93] under humidified H2 on LSGM supported cell 

 

Figure 1 - 4 Performance with (La0.75Sr0.25)0.9Cr0.5Mn0.5O3 as the anode under 

wet hydrogen condition (3 wt.%). Reprinted with the permission from Ref.[92]. 

Copyright 2003 Nature Publication Group. 

at 850 ºC, which still lacks sufficient power output. Apart from the limited 

conductivity (MIEC) under reducing condition, ~1 S cm
-1 

[1, 94-96], LSCM anodes 

are found to be insufficient in catalytically oxidizing fuel at intermediate temperature 

(below 800 ºC) in SOFC. G. Kim et al. [97, 98] investigated the catalytic requirement 

of LSCM as a potential anode, and achieved less than 100 mW cm
-2 

on the cell 

configuration LSCM|YSZ|La0.8Sr0.2FeO3 (LSF)–YSZ. One solution is to utilize 0.5 wt.% 

Pd–5 wt. % CeO2 by infiltration into the LSCM anode, forming nano-structured Pd-

CeO2 as the catalyst, dramatic improvement was observed, up to 1 W cm
-2

 under 

humidified H2 at 800 ºC. This phenomenon implicates that LSCM can form very stable 

porous anode frame, but requires additional catalyst loaded to ensure high  
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performance. Apart from Pd-CeO2, Pd or GDC-impregnated LSCM and LSCM–LDC 

compounded were examined as potential anodes. With GDC incorporation, GDC–

LSCM [99] electrode polarization resistance (Rp) was only 0.12 Ω cm
2 

at 800 ºC in H2 

(3 wt.%). Ding et al. [100] reported that an anode supported cell based on LSCM–SDC 

anode with thin SDC layer as the electrolyte reached a maximum power density (Pmax) 

of ~600 mW cm
-2

 in wet H2 at 700 ºC.  

With the motivation to improve conductivity and catalytic activity of LSCM, doped 

LSCM were studied [101], such as Ru-LSCM [102], Ce-LSCM [103, 104] etc.. A 

typical study is to substitute a more electrochemically active Ni for Cr on B site, 

nominal as (La0.75Sr0.25)(Cr0.5−xNixMn0.5)O3-δ (LSCMNi) by T. Jardiel et al. [105]. This 

study showed improved electrical conductivity of LSCMNi relative to LSCM. It is also 

found that under reducing condition, Ni nanoparticles ex-solves on the surface of 

LSCMNi, resulting in enhanced performance in fuel oxidation. Similar phenomenon 

was observed on Ru-LSCM where nano-scale Ru particles precipitate on the surface of 

the host material – LSCM, and function as highly active catalyst for anodic reaction 

[102]. It is proposed that if the ex-solution of metal nanoparticles is reversible upon 

reducing and oxidizing conditions, highly redox stability would be achieved. The ex-

solved metals not only compensate the low conductivity and catalytic activity for 

LSCM, but also enlighten the way to revitalize the anode by exposing anode to oxidant 

(air/O2), and successfully prevent the particle growth in anode [106]. LSCM as host 

material, being redox stable with low volumetric change, is an ideal candidate for 

SOFC anode. To advance the development of LSCM based materials, new doping 

chemistry is to explore. 
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1.2.1.2 Molybdenum based perovskite material  

The study of molybdenum based perovskite materials for SOFC originates from the 

success of Sr2Mg1-xMnxMoO6 series that have catalytic oxidation of both H2, featuring 

in high MIEC (10 S cm
-1

), and high catalytic activity because of Mo (VI/V) redox 

couple as the catalytic agent [57]. However, Sr2Mg1-xMnxMoO6 double perovskite 

families suffer from chemical incompatibility with electrolyte, e.g. YSZ, GDC, even 

not with LSGM. Besides, reducing conditions are required for synthesis to ensure their 

high activity. To address those issues, strategies have been made, including varieties of 

dopants on B site, and fabrication of compound anode by incorporating ceria based 

materials. 

Dissolution/substitution elements into/for the B site is a good strategy for tailoring 

material: aliovalent/isovalent substitution [107] for Mo may introduce oxygen 

vacancies or increase electronic conductivity, with possible activation of the metal 

oxygen (M–O) bond. Apart from Mg, Fe as a felicitous dopant to construct Sr2Fe1-

xMoO6-δ was studied. By applying Sr2FeMoO6 directly with LSGM electrolyte without 

LDC (La0.6Ce0.4O2) as the buffer layer, a performance of 800 mW cm
-2

 in city gas, ~ 

400 mW cm
-2

 in dry CH4 was reported by Zhang et al. [108, 109]. Unfortunately, 

Sr2FeMoO6 still can only be synthesized under reducing environment due to its limited 

solubility of Mo in SrFeO3-δ in air, merely ~17 at.%, namely maximum stoichiometry 

formula Sr2Fe1.34Mo0.68O6-δ [110]. A break-through work was conducted for realizing 

iron-rich in double perovskite materials. Sr2Fe1.5Mo0.5O6-δ (SFM) as the potential 

anode was reported by Liu et al. [111, 112]. According to their study, Sr2Fe1.5Mo0.5O6-

δ can be obtained in air, which exempts the reducing treatment at the elevated 

temperature in 5% H2/Ar, such as SrTiO3 [113, 114] based material, Sr2FeMoO6 

aforementioned, and Sr2MMgO6 (M=Mn, Fe, Ni, Co, Zn, Mg) [115] in order to 

maintain a higher conductivity and pure phase.  
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The excellent stability and high conductivity under both air and reducing condition, up 

to 550 S cm
-1

 in air and 310 S cm
-1

 in H2 respectively, render Sr2Fe1.5Mo0.5O6-δ as a 

promising material for both anode and cathode for SOFC. On a symmetrical cell using 

LSGM as the electrolyte, ~800 mW cm
-2

 was achieved in H2. Besides its high redox 

cycling stability, Sr2Fe1.5Mo0.5O6-δ was attested as a regenerative anode in H2S-

poisoning test.  

Built on Sr2Mg1-xMnxMoO6, La [116], Sm and Al [117], Co [118], Ni [119] have been 

experimented to substitute for A/B site. Improved electrochemical activities could be 

achieved, e.g. higher electrical conductivity for Sr2-xSmxMgMoO6, ~16 S cm
-1

 (vs. 10 

S cm
-1

 before dope), when x rises to 0.4 [120]. But, it also comes with negative 

consequences. For example, segregation of La2O3 and formation of SrMoO4 would 

take place after annealing La–Sr2MgMoO6 at the temperature ranging from 700 ºC to 

1000 ºC [120], likewise the segregation of  Sm2O3 and SrMoO4 for Sr2-xSmxMgMoO6 

when x ≥ 0.6 [121]. 

Considering the difficulty to accomplish high catalytic activity, high MIEC, 

incorporation of another material to form compound is a good strategy to optimize the 

performance of ceramic anodes. SDC incorporation into SFM as anode/cathode was 

studied [122]. The interfacial Rp decreased to only 0.258 Ω cm
2
 in H2 at 700 ºC. By 

introducing SDC that possesses high ionic conductivity and electro-catalytic activity, 

the enhanced oxygen ion exchange and mass transportation [123] result in high 

performance, and render SDC–SFM promising materials for IT-SOFC. Similarly, in 

another study, SFM–GDC as the cathode on an anode supported cell, power output 

higher than 2 W cm
-2

 was reported by Dai et al. at 800 ºC in H2 [124].  

Overall, double perovskite materials, namely Mo based tri-elements complex ceramic 

that is subject to the formula Sr2M1-xMoxO6-δ, have the disadvantage of reactivity with 
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LSGM. To avoid the La inter-diffusion, LDC, SDC or GDC is used as the buffer layer, 

and to some extent, this tends to be impractical, complicated procedures and evokes 

higher cost.  

Our proposal points to the use of the single form SrMoO3, and the justification for 

using SrMoO3 and objectives for its application will be discussed in Section 1.3. 
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1.2.2 Electrochemical production of H2 

Molybdenum/tungsten disulfide, chalcogenides 

Water electrolysis in acidic media undergoes a pathway of firstly proton adsorption on 

catalyst (denoted as Cat in the reactions), followed by combination with electrons to 

form Cat-H, a bonded atomic hydrogen, and finally integration of two hydrogen atoms 

to give molecular H2, released from catalyst with Cat freshly reproduced, as shown 

below.  

Cat + H+ + e - ➞ Cat-H (electrochemical adsorption) 

Cat-H + H+ + e - ➞ Cat + H2 (Heyrovsky process) 

2Cat-H ➞ 2Cat + H2 (Tafel process) 

Gibbs free energy (ΔG°H) is used as a ‘descriptor’ to judge the catalyst candidate from 

thermodynamic perspective, and its value describes the strength of H bound to catalyst. 

Ideal catalysts should achieve close-to-zero ΔG°H, which means the catalyst binds H 

neither too strongly nor too weakly as is the case of Pt, shown in Figure 1-5.  

 

Figure 1 - 5 Therotical calculation of Gibbs free energy of H adsorption on 

catalysts. Reprinted with permission from Ref. [125]. Copyright (2005) 

American Chemical Society.  
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Pt that achieves close-to-zero ΔG°H, is referred as an prototype catalyst for HER. In 

contrast, earth-abundant metals, i.e. Ni, Mo, are excluded as good candidates.  

Another descriptor, exchange current density, is used to interpret the performance by 

extrapolating over-potential to zero. By reference to Pt, a ‘volcano plot’ is drawn in a 

summary of exchange current density for various metals in Figure 1-6. 

 

Figure 1 - 6 ‘Volcano plot’ of the exchange current density vs. Gibbs free 

energy. Reprinted with permission from Ref. [126]. Copyright (2007) The 

American Association for the Advancement of Science 

Compared to Pt-group metals, cheap metals, Ni, Mo, Co etc. exhibit inferior 

performance in terms of exchange current density and are regarded beyond the 

consideration for HER, in accordance with ΔG°H. However, the work by Hinnemann 

et al. [125] and Jaramillo et al. [126] reveal that through organic/inorganic ligation of 

those cheap metals, e.g. Ni, Co, Mo etc., their ΔG°H  can be modified to Pt-resembling 

level, i.e. close to zero, and it means that the binding strengthen is tunable  
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by forming compounds. MoS2 is a successful case by modulating metal molybdenum. 

More importantly, the length of edges of MoS2 are correlated with the performance, 

and imply that by exposing edges, activity could be significantly improved [126]. 

Sequential studies are conducted in developing new synthesis methods, with the 

intentions to expose active edges, and overcome the major drawback of MoS2 – low 

conductivity. Note that those techniques thereof applying to MoS2, also work on other 

sulfide, e.g. tungsten disulfide, selenides, and result in a big family of chalcogenides 

developed as the catalyst for HER. Herein, in the section, we summarize the 

techniques to improve conductivity, including MoS2 composites and metallic phase 

(1T phase); focus on optimal active edges, we reviewed the approaches that include 

amorphous MoSx synthesis, dopants into MoS2, and nano-structured MoS2 – nanosheet 

& Gyroidal MoS2. Beyond the molybdenum/tungsten chalcogenides, substitution of 

molybdenum sulfide engenders two major non-noble catalysts – carbide (Mo2C) and 

phosphides with superiority in both attributes aforementioned, and they are 

summarized afterwards. 

Molybdenum disulfide (nominal MoS2), is analogous to graphite, a layered material. 

Bulk MoS2 is formed via van der waals force among layers, and each layer is consisted 

of the S-Mo-S slab, in the thickness of 6.7 ~ 7 angstroms [127]. In nature, MoS2 is 

present in hexagonal pack (2H phase), thermodynamically stable. Figure 1-7 shows the 

structure of 2H MoS2, where Mo is 6-coordinated by S atom (Figure 1-7b) with MoS6 

packed in trigonal prism. Viewing from c direction reveals a interlayer shift relative to 

the top layer, indicated by the voids for Mo atoms beneath the top layer in Figure 1-7a. 

A more important phase for HER is its 1T, metallic MoS2, as shown in Figure 1-8. 

Similar to 2H-MoS2, Mo is 6-coordinated by S, but is in the octahedral site. This  
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Figure 1 - 7 2H-MoS2 structure viewed (a) in c direction; (b) on ab plane. 

change results in a dramatic increase of electrical conductivity, making 1T-MoS2 a 

more active catalyst for HER. Jin et al. reported a lithium intercalation route for the 

synthesis of 1T-MoS2 from as-synthesized multi-layered 2H-MoS2 [128]. Pronounced 

improvement of activity of 1T-MoS2 compared to 2H-MoS2 is observed,

 

Figure 1 - 8 1T-MoS2 structure (a) c direction; (b) perspective ab plane;(c) 

illustration of octahedral site Mo occupies.  
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in lower onset potential, Tafel slope. This strategy is also applicable to WS2 [129]. 

Emphasis is given to the reductive reagent butyl-lithium that destabilizes 2H-MoS2 by 

transferring abundant electrons, thus changes the density of state, and renders a 

metastable 1T-MoS2 [130, 131]. Through a sophisticated chemical exfoliation of bulk 

MoS2, 1T-MoS2 can be obtained, yet with the co-existence of 2H phase [130], which 

unequivocally inferiorizes the performance towards HER [131]. Moreover, 1T-MoS2 is 

observed to be stable only below 95 ºC [132], and even long-term ageing at ambient 

condition would lead to transition back to 2H phase [133]. Given that 1T-MoS2 

encounters the issue of stability, solely relying on stabilising 1T-MoS2 may fall short. 

One solution is to resort to supported MoS2, e.g. on cheap carbon materials. Dai et al. 

successfully disperse MoS2 on rGO [134]. As illustrated in Figure 1-9, a solvothermal 

method in DMF enables a uniform dispersion of MoS2 nano-plates on reduced 

graphene, resulting in much enhanced performance.   

 

Figure 1 - 9 schematic illustration of a solvothermal route for synthesis (A) 

MoS2/rGO; (C) MoS2. SEM images of (B) MoS2/rGO; (D) aggregated MoS2 

particles. Reprinted with permission from Ref. [134]. Copyright (2010) 

American Chemical Society. 

Compared to aggregated MoS2 particles, MoS2/rGO achieves a cathodic 
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current density of ~25 mA/cm
2
 while nearly zero for MoS2 particles at a overpotential 

of 250 mV. Sequential studies are conducted, including using different Mo/S sources, 

e.g. thiourea [135], MoCl5 [136] and adopting conductive support [137, 138], e.g. 

MoS2 supported crumpled graphene balls [139], mesoporous graphene [140]. Via the 

control of reagent ratios by separating Mo from S (unlike (NH4)2MoS4 in DMF in Ref. 

[134]), it attains optimal coverage of MoS2 with finely engineered edges in layered 

MoS2/rGo hybrid [136]. To further enhance the conductivity, tungsten carbide (WC) is 

incorporated to form a MoS2/WC/rGO ternary catalyst [141]. Here, WC not only 

improves the overall electrical conductivity, but also mitigates rGO restacking. 

Moreover, growth of molybdenum on 3D graphene on the backbone of nickel foam is 

reported by Li et al. [142]. The high performance is attributed to the high conductivity 

of 3D graphene that is free of oxygen radicals, and nickel foams as the electrode with 

high MoS2 loading (~17 mg on a geometrical area of ~2 cm
2
). In a word, 

rGO/graphene that is selected as the catalyst support for MoS2 is based on the features 

of its high conductivity, large surface area, chemical compatible to MoS2 that enables 

the growth of well-defined MoS2 within a few layers, which contribute tremendously 

to the activity towards HER compared to bulk MoS2, as is the case of WS2 [143]. 

 

Instead of graphene, carbon nanotube (CNT) is also chosen as a support for MoS2. 

Reported studies can be categorized into nano MoS2 plates/CNT [144], MoS3 

deposited on CNT [145], molybdenum sulfide/N-CNT with/without vertical alignment 

[146]. Improved performance is observed, and it lies in enhanced conductivity due to 

the introduction of CNT as well as the well-defined structure, which to a significant 

extent proliferates the active sites in orders of magnitude. Other catalyst supports 

including mesoporous carbon nanosphere [147], MoO3-MoS2 in a core-shell nanowire 

[148] are reported. Those effects are for targeting novel design of a composite catalyst 
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whereby poor conductive MoS2 could be integrated onto highly conductive backbones. 

The as-formed composite is made an excellent catalyst for HER. There is still one 

point noteworthy that improved performance may not solely arise from enhanced 

conductivity from the support, but the extended edges formed simultaneously during 

synthesis. The next part is to focus on the methodology for seeking highly exposed 

edges for attaining high activity by construction in a well-define nano-structure, e.g. 

nano plates, and amorphous MoSx.  

 

One example is to construct MoS2 in Double Gyroidal structure (DG MoS2) via a 

sacrificial template route [149]. By controllably prepared in a contiguous thin film in 

nano structure, it achieves optimal catalytically active sites (the typical synthesis is 

schematically illustrated in Figure 1-10). More practically, MoS2/WS2 assemblies in 

thin layers can be realized by hydrothermal method in Teflon-lined autoclaves [150-

153], solid state reaction [154], chemical vapour deposition (CVD) [155]. It is pointed 

out that the catalytic activity of MoS2 is highly correlated with the numbers of layers, 

and the performance of HER decrease at a factor of 4.4 with increasing an layer [155]. 

This layer-dependent activity is ascribed to the electron hopping barriers among layers; 

the exposed active edges are hypothesized to assist the electron hopping. Hence, thin 

layer with highly exposed edges are pursued. Vertically aligned thin-layer of selenides 

and sulfides are rendered [156-159]. Via chemical vapour deposition, a rapid 

selenization/sulfurization process can successfully retain the metastable phase of 

MoSe2/MoS2 that is oriented perpendicular to the substrate, and enables more active 
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Figure 1 - 10 Schematic model for the synthesis of double gyroidal MoS2 (DG 

MoS2). Reprinted with the permission from Ref. [149]. Copyright 2012 Nature 

Publication Group 

edges accessible in short path. Apart from structure control, doping chemistry is 

applied to extend active by incorporating Ni, Co, Fe in cationic site, and Se in anion 

site, respectively [160-163]. Among them, Co promoted MoS2 backed up by DFT 

calculations achieves outstanding performance relative to Fe, Ni in a similar content,  

which is based on the fact that Co bonding to S-edge downshifts ΔG°H to further close 

to Pt, i.e. zero Gibbs free energy [161].  

 

Amorphous molybdenum sulfides are another family of non-noble catalyst for HER. 

They are distinguished from edge-rich metallic/semi-metallic MoS2, where the 

abundant edges are the active sites for hydrogen generation to occur. Effects on 

developing amorphous molybdenum sulfides includes thin film via electrochemical 

deposition [161, 164-166], particles wet-chemical synthesis [167-171]. It is proposed 

by Hu et al. that the unsaturated Mo and S are the active sites for HER [167], and this 

statement is based on the fact that post annealing that causes crystallization e.g. 

polycrystal at 350 ºC and single crystal at 650 ºC, would lead to degraded performance; 

the higher temperature the samples undergo, the lower activity they exhibit. Another 
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study by Benck et al. indicates that the amorphous molybdenum sulfide as the high 

active species for HER have the XPS profile resembling that of MoS2 [168] after an 

activation process, which is consistent with the study by Hu et al.. Overall, for 

amorphous molybdenum sulfides, numbers of unsaturated Mo, S are responsible to 

catalyse HER as the S-edges do in crystal MoS2. Here, molybdenum sulfide can be 

MoS3, MoS2, or MoS2+x or in whichever it keeps amorphous state, in large 

electrochemical surface area, XPS patterns that resemble edges-rich MoS2. Those 

attributes are set as the benchmarks for further development of amorphous 

molybdenum sulfide to advance the performance of non-noble catalyst for HER.  

Regarding to earth-abundant elements based materials, e.g. molybdenum/tungsten 

sulfides, selenides, for photo-electrochemical/electro-chemical hydrogen generation, 

several reviews are conducted in different perspectives, and are directive conspectus in 

HER for future reference [172-177]. 

Carbides 

One pronounced advantage of carbide materials, compared to molybdenum sulfide is 

their high conductivity. For example, tungsten carbides is reported to reach 10
5
 S/cm, 

and it is even comparable to metal [178]. Early investigation of carbides of group V 

metals (V, Nb Ta) and Ti, have shown poor catalytic activity towards HER [179-183]. 

Among all the carbide reported, tungsten carbide (WC, W2C) and molybdenum 

carbide (Mo2C, MoC) are the most promising candidates for the replacement of Pt, in 

term of cathodic hydrogen evolution and anodic fuel oxidation. But, the challenges are 

ensued in two aspects: (1) routinely, carbides are synthesized through carburization at 

high temperature using solid carbon or hydrocarbon as the carbon source. This facile, 

state-of-the-art route would lead to a surplus layer of carbon on the surface, which 

terminates the active site of carbides and hinders the subsequent Pt/Pd deposition; (2) 
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carbides are still lack of the competitive performance versus that of Pt, which more 

likely functions as effective support for Pt as is demonstrated in the case of methanol 

oxidation [184]. In Jinaguan G. Chen’s group, efforts have been devoted to the 

removal of surface carbon [185-187], seeking for mon-layer noble metal (Pt/Pd) 

supported on WC [188], Mo2C/W2C [189]. The intention is to enhance the interaction 

between carbide and catalyst, i.e. Pt/Pd, and circumvent the poor catalytic activity of 

carbide by imposing additional mon-layered noble catalysts. However, to target the 

ultimate goal, i.e. in seek of non-noble, cost-effective catalysts, introduction of Pt/Pd 

should not be intentional. A report of Mo2C by Hu et al. draw attention to development 

of carbide as an non-noble catalyst for HER [190]. It is found that electrolysis at a 

cathodic current would lead to activated Mo2C that is able to achieve ~25 mA cm
-2

 at 

an over-potential of 200 mV in acid. Besides, Mo2C is also attested to be stable in 

alkaline, indicated by nearly sustained current density in 48 h. Sequential work 

demonstrates that there are still room for further improvement of the performance via 

fabrication in well-defined structure, e.g. Mo2C/CNT [191, 192], integrated Mo2C with 

rGO [193, 194], carbon [184, 195] as well as tungsten carbide [196]. The as-obtained 

high performance lies in the well-defined nano particles, evenly distributed on 

substrates i.e. CNT/graphene, which proliferates the surface of Mo2C – active site for 

HER. The synergistic effect coupled with the substrates [191] can be another positive 

factor in the high activity towards HER. A more recent report of mesoporous Mo2C 

strengthens the point that well-defined nano structure with high surface area would 

multiply the specific current density at fixed potential in orders of magnitude [197]. 

Our investigation of carbide as non-noble catalyst for HER is summarized in separate 

chapters. Overall, given the synthetic method, stability and activity of the catalyst 

among those carbides thereof, WC/W2C, Mo2C stand out with superior performance, 
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and are more of interest to researchers. More studies on tungsten/molybdenum 

carbides are to be continued. 

Phosphides 

Phosphides are typically used as the catalyst for hydrodesulfurization (HDS), e.g. Ni2P 

[198, 199], MoP [200, 201]. Not until recently, phosphides are found to be very active 

towards HER. This is de facto due to a similar process that occurs on the catalyst – 

hydrogen species association/dissociation. Routinely, HDS reaction relies on 

adsorption of organosulfur and H2 molecule on the catalyst followed by C–S cleavage 

and desorption of hydrocarbon fragments and formation of H2S [201, 202]. This is 

analogous to reversed hydrogen production pathway where HER relies on the 

adsorption of proton and desorption of H2 molecules [203].  

Recently, reports of using HDS catalyst (phosphides) for HER burgeon, including FeP 

[204], Ni2P [205], CoP [206], MoP [207] etc.. The study of Ni2P for HER is firstly 

 

Figure 1 - 11 Nanostructured Ni2P particle for HER (A) LSV scan in 0.5 M 

H2SO4; (B) Tafel Plot of Ni2P and Pt; (C) TEM image of as-synthesized Ni2P 

nano particles. Reproduced with permission from Ref. [205]. Copyright (2013) 

American Chemical Society.  

  



Chapter 1 Introduction and literature review 

 43 

reported  by Popczun et al. [205]. Figure 1-11A shows the polarization curves of Ni2P 

where it achieves 20 mA cm
-2

 and 100 mA cm
-2

 at η = 130 mV and 180 mV 

respectively at a mass loading of 1 mg/cm
2
 on 0.2 cm

2
 Ti foil. More importantly, the 

onset potential is closer than ever to Pt, making it a promising candidate as the 

substitution for Pt. However, its stability is limited compared to Mo2C aforementioned, 

which may possibly arise from morphological deterioration of the nanostructure in 

caustic media, i.e. 0.5 M H2SO4 & 1 M KOH, plus the chemical instability of Ni2P in 

alkaline. On the other hand, the synthesis of Ni2P involves use of tri-n-octylphosphine 

as the P source, and the whole experiment is conducted in organic phase. This 

sophisticated procedure may become a great barrier for practical use. The method for 

Ni2P is applicable to CoP [206], MoP [208] and WP [209] by changing the transitional 

metal precursors, which were reported by the same group. Interestingly, catalyst 

synthesis via organic phosphine source results in crystal forms for Ni2P and CoP, 

while amorphous forms for MoP and WP, but anyhow the as-obtained phosphides 

manifest a uniform morphology with well-define particles (less than 10 nm) and 

similar activities towards HER. It is noteworthy that annealing at high temperature 

should be avoided in this synthetic route (> 500 ºC), especially for the amorphous MoP 

and WP, as high-temperature annealing would lead to severe sintering – formation of 

bulk phase, which only results in degraded performance.  

 

Alternative to the organic synthetic route, we found that using ammonium molybdate 

tetra-hydrate ((NH4)6Mo7O24•4H2O) and di-ammonium hydrophosphate ((NH4)2HPO4) 

as the precursors, a facile reduction of the mixture thereof in hydrogen at high 

temperature (650 ºC) makes highly active MoP, even in bulk phase [207, 210]. 

Comparative study of metal, Mo3P and MoP reveals the importance of the degree of 

phosphorization, and theoretical calculation shows that P as the active site is 
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responsible for the high activity towards HER. The high performance is confirmed by 

other two reports [210, 211]. Besides, MoP is found to be a good catalyst in both acid 

and alkaline with high stability in 0.5 M H2SO4, showing its advantage over Ni2P that 

is reported to be degrading rapidly in 1 M KOH [205], albeit a slight degradation is 

observed in 1 M KOH in 40 h. 

 

Apart from the two method for the synthesis of phosphides aforementioned, Guan et al. 

reported a synthetic route by decomposing hypophosphite, which was adopted by Hu 

et al. [212] and Sun et al. [203, 213-218]. Benefiting from the controllable releasing of 

PH3 that is used as P source as well as reductant, transitional metal compounds, e.g. 

Co3O4 [214], NiCl2•6H2O [212], Cu(OH)2 [203] can be converted to their phosphides 

at relatively mild conditions (below 400 ºC). Moreover, this mid condition for the 

synthesis of phosphides successfully preserves the morphology of its precursor, i.e. 

transitional metal compounds, the so-called ‘topotactic synthesis’ which stimulates a 

variety of reports of phosphides in different nanostructures, e.g. self-supported Cu3P 

nano-wire from Cu(OH)2 nano-wires , and CoP nano wire form Co2(OH)2(CO3)2 nano-

wires [215] and FeP arrays from FeO(OH)3 arrays [219] etc.. Overall, the as-obtained 

high performance is ascribed to the well-define nanostructure that is consisted of nano-

particles assembly. 

 

In a nutshell, phosphides as a newly recognized catalyst for HER exhibit advantageous 

performance over molybdenum sulfides, and this highlighted advantages lie in those 

features: (1) low onset potential, ~ 40 mV for CoP [214] vs. 150 ~ 200 mV for that of 

MoS2 [148]; (2) transitional metal phosphides exhibit metallic properties, i.e., high 

electrical conductivity [203, 220, 221], and this is indicated by the fact that higher 

mass loading (2 mg cm
-2

 vs. 0.9 mg cm
-2

) leads to better performance [206], unlike 
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MoS2, dominated by thin-lay configuration [155] due to its sluggish electron transfer 

among layers; (3) Phosphides are free from the constraint of fabrication of layered 

structure or nanosturcture that guarantees the superb performance for MoS2. Here, bulk 

MoP is found to be very active towards HER, and this feature enables facile synthesis 

of phosphides, making it more practical for industrial use. Challenges are co-existing. 

Revealed by XPS, surface oxidation occurs under ambient condition, in the formation 

of P (V) and Mo (V/VI) in the case of MoP. This as-formed high-valence state blocks 

the access of proton to the active site, which will result in poor performance. Future 

researches are warranted to advance a more stable, highly active non-noble catalyst for 

HER, e.g. phosphides or their derivatives.  

Others 

Non-noble catalysts are booming to date for catering the increasing demand of energy, 

and cost-effective catalyst are always desired, which drives the investigation of carbon 

based materials for HER. Recently, it is found that under a certain activation process, 

carbon materials are active towards HER. Studies including carbon nanotube [222, 

223], C3N4 [224], doped graphene [225] are reported as metal-free catalyst. Besides, 

the performance are further enhanced by the incorporation of cobalt [226-228] or other 

metals in a hybrid [229], and in this hybrid, the improved performance is originated 

from the metals with protective carbon layers on top, so that it is able to catalyse HER 

stably in acid. However, neither metal-free carbonaceous catalyst nor cobalt embedded 

carbon materials meet the goal that is set for hydrogen production, nor can they 

supplant well developed sulfides, carbides, phosphides. Although activated carbon 

materials (including graphitic carbon, carbon nanotubes) are reported recently to have 

[230] achieved remarkably high performance that is close to Pt, insights into the active 

site are still needed, and further scientific evidences are called forth. 
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1.3 Objectives of the thesis 

In this thesis, we peculiarly place our focus on hydrogen energy in two aspects – 

hydrogen oxidation and hydrogen production. Our selectively opt for molybdenum 

based materials is with the consideration that firstly, molybdenum as an earth-

abundant element compared to Pt, would be cost-effective as a catalyst or starting 

material for catalyst; secondly, as a transition metal, molybdenum with tunable 

electron structure has formed a variety of compound, and some of them, e.g. carbides, 

phosphides, have exhibited intriguing activity as catalysts in fuel cells, HDS reaction 

etc.; thirdly, molybdenum compound are usually found to have high conductivity, 

which is one of the core values required for the application as either catalyst or 

substrate for catalyst. For example, MoO2 is reported a conductivity of 400 S/cm [231]. 

 

For hydrogen oxidation, we rely on one model of fuel cells – solid oxide fuel cell, and 

aim for the advancement of perovskite material. The objective in this thesis for 

hydrogen oxidation on perovskite materials is to separate conductive and catalytic 

constituents into two individuals. With the optimal ratio of the two, we aim for both 

enhanced conductivity and catalytic activity at SOFC’s work condition (800 ºC), via 

wet-chemical infiltration and doping techniques. 

 

For hydrogen production, we aim for the development of non-noble catalyst as 

potential substitutes for Pt in both acid and alkaline. Based on those molybdenum 

compounds that are used in fuel cells/HDS reaction, we make our investigations on the 

catalysts of their catalytic activity, electrical conductivity, resistivity to the corrosion in 

acid and alkaline. Concerning the core property for a catalyst – the catalytic activity, 

we seek new synthetic routes for the preparation of nanostructured molybdenum 

compounds, and pursue new non-noble catalysts for HER. Through analysis of the 
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results that are collected from the electrochemical tests, structural engineering, and 

surface properties probed by XPS etc., we made a comparative study of the non-noble 

molybdenum compounds with Pt. Perspectives are given to further push the realization 

of economic and reliable hydrogen energy in future.  

 

 

 

 

  



Chapter 2 H2 and CH4 oxidation on Gd0.2Ce0.8O1.9  

infiltrated SrMoO3-yttria-stabilized zirconia anode for solid oxide fuel cells 

 48 

Chapter 2 H2 and CH4 oxidation on Gd0.2Ce0.8O1.9 infiltrated 

SrMoO3–yttria-stabilized zirconia anode for solid oxide fuel 

cells  

(This chapter is reproduced with the permission from P. Xiao, X. Ge, L. Zhang, et al., 

H2 and CH4 oxidation on Gd0.2Ce0.8O1.9 infiltrated SrMoO3–yttria-stabilized zirconia 

anode for solid oxide fuel cells. International Journal of Hydrogen Energy, 2012. 

37(23): p. 18349-18356. Copyright 2012 Hydrogen Energy Publications) 

2.1. Introduction 

Solid oxide fuel cells (SOFCs) are promising energy conversion devices due to its high 

conversion efficiency and fuel flexibility, ranging from hydrogen, biogas, to pure 

hydrocarbons. The state-of-the-art Ni based anodes, such as Ni/8Y2O3–ZrO2 (Ni–YSZ), 

work satisfactorily with H2 because of the high electrochemical catalytic activity of Ni. 

Unfortunately, Ni–YSZ anode suffers from severe carbon deposition and subsequent 

loss of active sites when hydrocarbons such as methane are used as fuels [51, 232]. 

Adding H2O to reform hydrocarbons has been demonstrated to be an effective way to 

mitigate the coking problem. However, high content of H2O deteriorates the cell and 

increases the complexity of SOFC systems [50]. Alternatively, the development of a 

nickel-free anode material with competitive conductivity and electro-catalytic activity 

to Ni–YSZ has been pursued by many researchers. Among these efforts, perovskite 

materials, such as (La0.75Sr0.25)0.95Cr0.5Mn0.5O3-σ (LSCM) [92, 233] and Sr2MMoO6 

(M=Mn, Mg) [57], achieved high performance. Recently, SrMoO3 [1] attracts our 

attention due to its high conductivity in the order of magnitude of 10
3
 S cm

-1
 at a  

temperature of 727 ºC. A SrMoO3–infiltrated YSZ anode exhibits high conductivity of 

20 S cm
-1

, which satisfies the electrical conductivity requirement for the anode [234, 

235] but suffers from very low electro-catalytic activity. Considering the difficulty to 

adopt a single oxide material to fulfil both high conductivity and catalytic activity 
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simultaneously, the incorporation of two separate materials appears practical for the 

tuning of these two properties independently. It is well known that CeO2 or Gd doped 

CeO2 (Gd0.2Ce0.8O1.9, GDC) has good catalytic property towards fuel oxidation. For 

example, Gross et al.[94] reported that, with 40 wt.% CeO2 loading on Pd–YSZ, the 

maximum power density (Pmax) increased to 520 mW cm
-2

, compared to 360 mW cm
-2 

with 20 wt.% CeO2 loading on Pd–YSZ in wet H2 at 700 ºC. GDC-impregnated 

La0.75Sr0.25Cr0.5Mn0.5O3 (LSCM) was also reported to have high activity towards direct 

CH4 oxidation [236]. In the case of nano-coated GDC on Ni, enhanced redox cycling 

stability was observed for CH4 oxidation [237].  

In the present study, a Ni-free anode was fabricated by GDC impregnation onto 

SrMoO3-YSZ scaffold in electrolyte-supported cells. The effects of SrMoO3 on the 

electrode conductivity and GDC on the catalytic activity were respectively examined. 

Salient performance is achieved under wet H2 in the temperature range from 800 ºC to 

900 ºC. With GDC loading of 2.8 mg cm
-2

, the polarization resistance (Rp) for H2 

oxidation decreases to 0.5 Ω cm
2
, compared to nearly no activities of SrMoO3-YSZ 

anodes. 

2.2. Experimental 

SrMoO4 powders were prepared by solid state reaction of ball milled SrCO3 (Sigma-

Aldrich) and, MoO3 (Sigma-Aldrich), in iso-propanol for 24 h, followed by calcination 

in air for 10 h at 1200 ºC. The as-synthesized SrMoO4 powder was mixed with YSZ in 

different ratios (in 90 wt.%, 70 wt.%, 50 wt.% of SrMoO4)  in a mortar. The mixture 

was then dispersed in iso-propanol and ball-milled for 24 h. After drying, the SrMoO4-

YSZ composites were made into an anode paste with ink vehicle (VEH, Fuel Cell 

Material) and SrMoO3-YSZ anodes were obtained by reducing SrMoO4-YSZ under H2. 

An electrolyte-supported cell was used in this study. 8mol% yttria-stabilized zirconia 
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(YSZ) (YSZ, Tosoh, Japan) powders were die pressed into pellets and sintered, at 

1500 ºC for 4 h. The as-prepared YSZ substrates were 19 mm in diameter and 1 mm in 

thickness. The anode paste was subsequently painted onto a YSZ electrolyte disk and 

then sintered at 1300 ºC in air for 2 h to form a thin anode layer (~30 μm) with an 

active area of 0.5 cm
2
. Gd0.2Ce0.8O1.9 was introduced into the anode layer by wet 

impregnation of 1M stoichiometric Gd(NO3)3 (Sigma-Aldrich) and  Ce(NO3)3 (Sigma-

Aldrich) aqueous solution. Then, it was placed in the vacuum oven at 100 ºC to 

facilitate the infiltration process. After that, the anode was sintered at 900 ºC for 1 h to 

form a yellowish GDC phase. Different loadings of GDC were achieved by repeating 

the aforementioned process several times. Then, a small amount of Pt paste was 

painted in the center of the anode surface as a current collector to ensure good contact 

between the anode and the Pt mesh. Au wires were applied to ensure the electrical 

connection outside the furnace. 

Half-cell electrochemical tests were conducted in a three-electrode configuration, 

similar to the one described elsewhere [238]. Briefly, Pt paste was painted as the 

counter electrode on the opposite side of the anode with the same area and the 

reference electrode was painted on the side of the counter electrode in two arc bars. 

The distance between the reference electrodes and counter electrode was 5 mm. 

Finally, the half cells were mounted against an alumina tube and sealed by ceramic 

adhesive (Ceramabond 552, Aremco). Wet CH4 oxidation and redox cycling stability 

test under wet H2 were conducted in a single cell by applying 300 μm YSZ pellet (Fuel 

Cell Material) as the electrolyte substrate, La0.8Sr0.2MnO3-δ (LSM, Fuel Cell Material) 

mixed 40 wt.% YSZ as the cathode and GDC infiltrated SrMoO3 (50 wt.%)/YSZ as 

the anode. For all the electrochemical tests, dry or wet H2 and CH4 (~3% H2O, 

bubbling from a water tank at room temperature) was fed as fuel to the anode at a flow 
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rate of 50 sccm controlled by a mass flow controller (Cole-Parmer), and the cathode 

was exposed to ambient air. Electrochemical Impedances Spectroscopy (EIS) was 

carried out using VersaSTAT-3F (Princeton Applied Research) in potentiostatic mode 

from 100 kHz to 0.1 Hz or 0.01 Hz under open circuit voltage (OCV) conditions with 

ac amplitude of 20 mV. Selected EIS data were fitted by Zview program. The micro-

structure was examined by field-emission scanning electron microscopy (FE-SEM, 

JOEL, JSM6701, Japan), and the phase structure of the as-synthesized SrMoO4 and 

GDC crystalline phase were characterized by X-ray diffraction (XRD),  from Cu Kα 

radiation source (Bruker, Japan). 

2.3. Results and discussion 

2.3.1. Characterization of SrMoO3-YSZ anode in H2 oxidation 

Figure 2-1a shows the XRD pattern of the as-synthesized SrMoO4 powder. 

Characteristic peaks are identical to SrMoO4 pattern in Figure 2-1b (PDF 00-008-0042) 

and no major second phase is observed. The SrMoO4–YSZ electrode was reduced to 

SrMoO3-YSZ by in-situ exposure to wet H2 (~ 3% H2O) at 900 ºC for 2 h. Figure 2-1e 

and Figure 2-1d show the XRD comparison between these two samples. Despite 2 h 

reduction, the SrMoO4 phase can still be observed, which indicates that SrMoO4 is 

difficult to be reduced completely even under SOFC operation condition. This agrees 

with what Baldychev et al. [239] have observed. As shown in Figure 2-1c, no other 

components are detected in GDC-infiltrated anodes. To balance the electronic 

conductivity and oxygen ionic conductivity, SrMoO3–YSZ anodes of different weight 

ratios were prepared. Impedance measurements were subsequently conducted at 800 

ºC under wet H2 atmosphere. As shown in Figure 2-2, Ohmic resistance (RΩ, 

determined from the high frequency intercept) almost remains unchanged when the 

content of SrMoO3 is higher than 50 wt.%.   
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Only when the SrMoO3–YSZ ratio was decreased to 3:7, a dramatic increase of RΩ to 

4 Ω cm
2
 occurred, implying that high YSZ content may block the electron pathways 

through the anode. SrMoO3 (50 wt.%)/YSZ has the lowest Rp of 8 Ω cm
2
 (determined 

from the difference between the low frequency and high frequency intercepts) for wet 

H2 oxidation at 800 ºC, compared to 19 Ω cm
2 

and 16 Ω cm
2
 for SrMoO3 (90 

wt.%)/YSZ and SrMoO3 (70 wt.%)/YSZ respectively.  

  

Figure 2 - 1 XRD patterns (a) synthesized SrMoO4; (b) standard SrMoO4 

PDF card; (c) GDC infiltrated SrMoO3-YSZ; (d) SrMoO3–YSZ anode; (e) 

SrMoO4–YSZ. 
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Figure 2 - 2 Impedance spectra for H2 oxidation at 800 ºC on SrMoO3–YSZ 

anodes with different weight ratio. 

The effect of SrMoO3–YSZ ratio on the electrode morphology was examined by SEM 

in Figure 2-3. Severe sintering occurs on the SrMoO3 (90 wt.%)/YSZ and SrMoO3 (70 

wt.%)/YSZ.  

 

 

 

 

 

 

 

 

 

  

Figure 2 - 3 surface morphology for different SrMoO3-YSZ anodes: (a) SrMoO3 

(90 wt.%)/YSZ; (b) SrMoO3 (70 wt.%)/YSZ; (c) SrMoO3 (50 wt.%)/YSZ; (d) 

GDC infiltrated SrMoO3 (50 wt.%)/YSZ. 
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Particularly for SrMoO3 (90 wt.%)/YSZ, the particles agglomerate to several 

micrometers, resulting in a decreased catalytically active interface. This may explain 

the surprisingly large Rp of this electrode. However, when the YSZ content was 

increased to 50 wt.% (Figure 2-3c), there is much less agglomeration and the necks 

between SrMoO3–YSZ particles could be clearly observed. One possible reason is that 

strontium molybdate is easier to sinter than YSZ. To some degree, the presence of 

more YSZ can mitigate particle agglomeration. A similar phenomenon was observed 

in a previous report by Jiang et al. [240]. 

2.3.2. Effect of GDC infiltration on H2 oxidation 

GDC was introduced into the SrMoO3–YSZ anode by wet impregnation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 2 - 4 Impedance spectra at 800 ºC on SrMoO3 (50 wt.%)/YSZ 

(diamond), 14 wt.% GDC infiltrated SrMoO3 (50 wt.%)/YSZ (rectangle), 56 

wt.% GDC infiltrated SrMoO3 (50 wt.%)/YSZ (circle) in H2/3% H2O and 

their fitted results using an equivalent circuit shown below 
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As shown in Figure 2-3d, GDC nanoparticles with size ranging from 50 nm to 100 nm 

evenly spread on the SrMoO3–YSZ scaffold, especially on the sintering necks among 

different particles, leads to extended active reaction sites. According to the mixed  

ionic and electronic conductivity (MIEC) [241, 242] due to Gd doping and Ce
4+

 

reduction, infiltrated GDC nano-particles covering the YSZ or SrMoO3 may create 

new pathways for electrons and oxide ions in the anode, which could enhance the 

electrochemical activity. Figure 2-4 shows the impedance spectra after the subtraction 

of the RΩ of 1 mm YSZ electrolyte, which were measured at 800
 
ºC for half cells under 

OCV condition. Without GDC infiltration, Rp for H2 oxidation is 8 Ω cm
2
. When 0.7 

mg cm
-2

 GDC was incorporated, Rp decreased to 2.2 Ω cm
2
. It further dropped to 0.5 Ω 

cm
2
 when GDC infiltration loading was increased to 2.8 mg cm

-2
. These results 

illustrate that nano-sized Gd doped ceria particles can greatly improve the performance 

for H2 oxidation. Similar performance enhancement was also obtained by doped ceria 

[123, 243].  

H2 oxidation in SOFCs generally involves charge transfer process and mass transport 

process [244, 245]. An equivalent circuit L1(R1 CPE1)(R2 CPE2) was used to fit the 

EIS data via the Zview program and the fitted result is shown in the inset of Figure 2-4. 

The inductance L1 is caused by the Au wires. The high frequency resistance R1 which 

corresponds to the charge transfer process, decreases from 0.32 Ω cm
2 

to 0.10 Ω cm
2
 

when the GDC loading is increasing from 0.7 mg cm
-2

  to 2.8 mg cm
-2

. In the 

meantime, low frequency resistance R2 which represents the mass transport process 

and includes the bulk gas diffusion, oxide ions transport and the dissociative 

adsorption of molecular species to triple phase boundaries (TPB) [245, 246], decreases 

from 1.88 Ω cm
2
 to 0.44 Ω cm

2
. Among them, the gas diffusion of H2 and its 

dissociative adsorption process are not rate-dominating processes. Possibly, oxide ions 
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transportation contributes to the large arc in EIS, which indicates it is still the rate-

determining process. But, the fitted results show that both processes are promoted by 

GDC infiltration. 

Figure 2-5 displays the overpotential for H2 oxidation on half cells, which could 

directly reflect the kinetic behavior of anodes. In contrast to bare SrMoO3 (50 

wt.%)/YSZ, the overpotential for GDC infiltrated anodes decreases sharply, especially 

at high current densities. For instance, the overpotential for 2.8 mg cm
-2 

GDC 

infiltrated anode is only 0.14V when drawing a current density 0.8 A cm
-2

, which is 

comparable to GDC-La0.75Sr0.25Cr0.5Mn0.5O3(LSCM), [236] ~ 0.1V when 0.6 A cm
-2

 is 

applied. 

 

 

 

 

 

 

 

 

2.3.3 Redox cycling stability test for GDC infiltrated SrMoO3-YSZ anode  

Redox cycling stability is critical for long term operation of SOFCs. It is known that 

the state-of-the-art Ni based cermet anode, such as Ni-YSZ, possesses low redox 

cycling stability. Ni oxidation could cause up to 69.2% volume expansion [56], which 

is more severe than 28 % volume change upon the reduction of  SrMoO4 to 

Figure 2 - 5 Overpotential for different amount of GDC loading on SrMoO3 

(50 wt.%)/YSZ anode at 800 ºC in H2/3% H2O 
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SrMoO3[247]. Sr-doped CeVO3 [248] and Ca-doped CeVO3 [249] have different 

redox reversibility for different amount of doping. In this study, redox cycling stability 

of the GDC infiltrated SrMoO3–YSZ anode was examined at 900 ºC on a single cell 

under wet H2. After reduction, N2 was applied to purge H2, followed by air oxidation. 

I-V-P curves and impedance spectra were then recorded (Figure 2-6). After 5 redox 

cycles, the maximum power output drops slightly from 342 mW cm
-2

 to 320 mW cm
-2

  

(Figure 2-6a), corresponding to a slight increase on the impedance spectra in Fig. 6b, 

accordingly.  

 

Figure 2-7a shows some broken lines along the anode/electrolyte interface. This is in  

 

  

Figure 2 - 6 Redox stability test at 900 ºC on single cell GDC, SrMoO3-

YSZ|YSZ|LSM-YSZ, (a) I-V-P curves; (b) impedance spectra under open 

circuit voltage. 
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Figure 2 - 7 Cross section view (a) fresh cell; (b) after 5 redox cycles test; 

contrast to the freshly prepared cell (Figure 2-7b) where good adhesion between the 

anode and electrolyte is evident. These broken lines can be explained by the volume 

fluctuation of SrMoO3 and GDC during redox cycling. Among the anode components, 

YSZ is very stable and little structure or lattice volume change occurs upon redox 

cycling. In contrast, doped ceria will be reduced under anodic operation condition, 

forming Ce
4+

/Ce
3+

 couple thus incurring phase transformation upon redox cycling. 

Besides, phase transition from tetragonal scheelite to cubic perovskite leads to 28 vol.% 

decrease when SrMoO4 is reduced to SrMoO3, even though no delamination was 

observed after the test under macroscopic observation.  

2.3.4 Influence of water content on cell performance in H2 oxidation 

The observation of SrMoO4 as a minor phase from XRD analysis necessitates the 

investigation of water effect on the SrMoO3/SrMoO4 redox couple and cell 

performance. Figure 2-8 presents the power output and impedance spectra of anode 

exposed to dry and wet H2. Clearly, dry H2 provides higher performance (426 mW cm
-

2
 vs 342 mW cm

-2
) and higher OCV (1.13V vs 1.05V) than wet H2. Impedance spectra 

(Figure 2-8b) show that the RΩ decreases from 0.56 Ω cm
2
 to 0.41 Ω cm

2
 when 

switching to dry H2. By referring to the literature [250, 251] for the ion conductivity of 

YSZ, the 300μm YSZ pellet contributes 0.36 Ω cm
2
 at 900 ºC. By comparison, the 
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presence of 3% H2O could incur the oxidation of conductive SrMoO3 to insulating 

SrMoO4, rendering the increase of RΩ for GDC infiltrated SrMoO3-YSZ anode. Lower 

partial pressure of hydrogen may also be less efficient in reducing SrMoO4 to SrMoO3. 

On the other hand, likewise the water to Ni-YSZ anode [252], 3% H2O can decrease 

the polarization resistance from 0.5 Ω cm
2
 to 0.25 Ω cm

2
 in this study. Probably it is 

the pre-absorbed water or its decomposed hydroxyl species on TPB that accelerates the 

process of H2 oxidation [253]. Considering this, further experiments on SrMoO3-YSZ 

anode are needed to probe the optimum operation conditions in order to achieve a 

better performance. 

  

Figure 2 - 8 (a) I-V-P curve for dry and wet H2 oxidation at 900 ºC and 

(b) their EIS curves, respectively under OCV condition. 
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2.4. Conclusions 

The properties of strontium molybdate as an electronic conductor incorporated with 

YSZ were examined. Because of limited catalysis of SrMoO3-YSZ towards H2 and 

CH4 oxidation, GDC was infiltrated into the SrMoO3-YSZ scaffold through wet 

impregnation. Electrochemical characterization showed that cell performance was 

greatly improved by the incorporation of GDC, both in H2 and CH4. The Rp decreased 

from 8 to 0.5 Ω cm
2
 at 800 ºC for wet H2 oxidation, which is comparable to the 

previously reported SrMoO3 infiltrated on YSZ scaffold with additional Pd 

loading .Without additional loading of Pd [1], OCV for wet CH4 is much lower than 

the theoretical value, only 873mV at 850 ºC, possibly due to the low activity of GDC 

towards CH4 cracking. As a potential anode for hydrocarbon utilization, the GDC 

infiltrated SrMoO3-YSZ showed no carbon deposition problem and achieved a Pmax of 

160 mW cm
-2

 when exposed to wet CH4 at 900 ºC. While the single cell performance 

slightly decreased after 5 redox cycles, no fatal delamination was observed. 

Investigation of the influence of H2O suggests SrMoO3 is sensitive to the operation 

conditions and the presence of 3% H2O leads to the increase of RΩ but decrease of Rp 
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Chapter 3 Sr1-xCaxMoO3–Gd0.2Ce0.8O1.9 as the anode in solid 

oxide fuel cells: effects of Mo precipitation 

(This chapter is reproduced with permission from P. Xiao, X. Ge, Z. Liu, et al., 

Sr1−xCaxMoO3–Gd0.2Ce0.8O1.9 as the anode in solid oxide fuel cells: Effects of Mo 

precipitation. Journal of Alloys and Compounds, 2014. 587(0): p. 326-33. Copyright 

2014, Elsevier) 

3.1. Introduction 

Solid oxide fuel cells (SOFCs) are highly efficient power generators for direct 

conversion of chemical energy to electrical energy. The state-of-the-art Ni–YSZ anode 

has achieved high performance towards H2 oxidation at high temperature due to the 

high catalytic activity of Ni, but unfortunately its negative attributes are also disclosed, 

e.g. low tolerance to hydrocarbons and hydrogen sulfide, poor redox stability [50, 51, 

254, 255]. The development of nickel-free anode with competitive conductivity and 

electro-catalytic activity to Ni–YSZ has been pursued by many researchers [234, 235, 

256, 257]. Among them, (La0.75Sr0.25)0.95Cr0.5Mn0.5O3-σ (LSCM) [92, 233], Sr2MMoO6 

(M=Mn, Mg) [57] and Sr2Fe1.5Mo0.5O6-σ [111] achieved high redox stability and 

resistivity towards hydrocarbons and hydrogen sulfide, but with the compromise of 

power density especially at intermediate temperature (600 ºC ~ 800 ºC). Although 

increased performance could be achieved by wet impregnation of 2 wt.% Ni [258], 

Pd/CeO2 [259], the agglomeration of the nanoparticles might happen under long-term 

operation. It has been proposed that durability can be improved if those impregnated 

nanoparticles can possess the ability of solving in and exsolving out of its host. Self-

regenerative M (M=Pd, Pt, Rh, Ru) on perovskite or lanthanum chromite materials 

were first adopted in automotive emission control and methane reforming [260-263]. 

In-situ segregated metal nanoparticles on ceramic materials that react generatively can 

be a potential solution to the poor catalytic activity of ceramic anode materials towards 
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H2 and hydrocarbons oxidation. Successful cases [264-267] have been reported to 

tailor the properties of materials by doping other elements. A Ru doped lanthanum 

chromite based ceramic by Barnett et al. [102, 268, 269] demonstrated an improved 

performance due to Ru cluster segregation. Yang et al. [270] also reported a redox 

reversible anode composed of Pr0.8Sr1.2(Co, Fe)0.8Nb0.2O4+δ (K-PSCFN), which can be 

obtained by reducing perovskite structure material Pr0.4Sr0.6Co0.2Fe0.7Nb0.1O3 (P-

PSCFN) in H2. Regenerative behaviour was observed and high performance was 

achieved towards both H2 and CH4 oxidation due to the segregated Co-Fe alloy. 

Recently, a highly conductive ceramic material SrMoO3 has been reported to be a 

potential candidate to replace Ni [271, 272]. But further work [1] showed a rather low 

activity towards CH4 oxidation without additional Pd infiltration. Considering the 

difficulty for a sole oxide material to perform as well as Ni cermet, GDC 

(Ce0.8Gd0.2O3-δ) as a mixed ionic and electronic conductor (MIEC) [273, 274] was 

infiltrated on SrMoO3–YSZ compound as the anode for SOFCs in our previous work 

[275]. Although improved performance has been observed, its application was 

hindered by its limited catalytic activity at the intermediate temperature range (600 ~ 

800 ºC). 

Herein, we report an anode composed of Ca substituted strontium molybdate Sr1-

xCaxMoO3 (x=0.3, 0.5) and GDC for SOFCs. As a potential anode, its performance 

was investigated in H2. By introducing Ca on the A site, it is found for the first time 

that, Mo nanoparticles can reversibly segregate on the surface of Sr1-xCaxMoO3–GDC 

and perform as the catalyst. In this study, we analysed the effect of the Mo 

precipitation and further compared the electrochemical performance of Sr1-xCaxMoO3 

with SrMoO3.  
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3.2. Experimental 

3.2.1. Materials synthesis 

Sr(NO3)2 (ACS reagent, ≥99%), Ca(NO3)2•4H2O (ACS reagent, ≥99%) and 

(NH4)6Mo7O24•4H2O (BioUltra, ≥99.0%, Sigma-Aldrich) are used as received from 

Sigma-Aldrich.  Gadolinium doped ceria (GDC, Gd 20 mol.%, TC grade) was 

purchase from Fuel Cell Materials. 

Sr1-xCaxMoO4 (x=0, 0.3, 0.5, SCMOox) were synthesized via a sol-gel method assisted 

by citric acid [276, 277] as the chelate reagent. Calculated stoichiometric Sr(NO3)2, 

Ca(NO3)2• 4H2O and (NH4)6Mo7O24•4H2O were mixed with citric acid with the molar 

ratio of 1:1.5 (metal ion to citric acid)  in distilled water at 90 ºC under continuous 

stirring. After slow evaporation of water, a yellowish gel was formed, which was 

transferred to an oven for ignition treatment at 300 ºC for 2 h. The as-obtained powder 

was ground in a mortar and then pressed into pellets, sintered at 800 ºC for 10 h to 

form crystalline phase in the formula of Sr1-xCaxMoO4 (SCMOox). The SCMOox 

powder can be obtained by mild grinding the sintered pellets. Sr1-xCaxMoO3 (SCMOre) 

was finally synthesized by a further reduction of SCMOox in pure H2 at 900 ºC.  

3.2.2 Materials characterization  

The phase structure of the as-synthesized powder was examined by X-ray diffraction 

using Cu Kα radiation source (Bruker, Japan). The morphology of the anode was 

examined on field emission scanning electron microscope (FE-SEM, JEOL, 

JSM6701F, Japan). Thermo-gravimetric analysis (TGA) coupled with differential 

scanning calorimetry (DSC) of Sr1-xCaxMoO3 (x=0, 0.3, 0.5, SCMOre) were 

conducted at a ramping temperature 15 ºC/min (TGA, Perkin Elmer) in air.  

3.2.3 Fuel cell test 

The Sr1-xCaxMoO4–GDC composite was prepared by dispersing Sr1-xCaxMoO4 and 

GDC into iso-propanol, which was then ball-milled for 24 h and dried. Anode paste 
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was prepared by mixing Sr1-xCaxMoO4–GDC composite with the ink vehicle (VEH, 

Fuel Cell Materials).  A La0.9Sr0.1Ga0.8Mg0.2O3 (LSGM) electrolyte supported cell was 

used in the study. LSGM powder (Fuel Cell Material, USA) was firstly die pressed 

into pellets and then sintered at 1450 ºC for 5 h. The obtained LSGM disks were 

polished into thin electrolytes of ~350 µm thickness. Anode pasted was painted onto 

the electrolyte and subsequently sintered at 1150 ºC for 2 h with an active area of 0.28 

cm
2
. La0.6Sr0.4Co0.2Fe0.8O3 (LSCF, Sigma-Aldrich) was used as cathode. To 

circumvent the possible catalytic activity introduced by Pt paste, Ag paste was used as 

the current collector for anode. Sr1-xCaxMoO3‒GDC (SCMOre–GDC) anodes were 

finally obtained by in-situ H2 reduction. After stabilization in H2 for 2 h, subsequent 

electrochemical measurements were implemented. 

A typical home-made alumina tube was used for single cell test. Fuel cell tests were 

conducted at 800 ºC under atmospheric pressure, with H2 or CH4 fed at the rate of 50 

sccm in the anode whilst the cathode was exposed to ambient air. Current-voltage-

power (I–V–P) curves were recorded by a VersaSTAT-3F (Princeton Applied 

Research). Electrochemical impedance spectroscopy (EIS) was carried out under open 

circuit voltage (OCV) in a potentiostatic mode from 100 kHz to 0.1 Hz with an AC 

amplitude of 10 mV. 

3.3. Results and discussion 

3.3.1 Metal Mo segregation on Sr1-xCaxMoO3 and the structure analysis 

Figure 3-1 shows the XRD pattern of Sr1-xCaxMoO4 (x=0, 0.3, 0.5). A typical 

tetragonal Scheelite structure of SrMoO4 was indexed (JCPDS 08-0482), which 

implies that SCMOox can be successfully synthesized at 800 ºC for 10 h. However, 

XRD pattern still displays a minor peak at 25.05º, which can be assigned to (111) 

plane of strontium carbonate. This is possibly caused by a slight adsorption of CO2 
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during sintering, and similar phenomenon was observed for SrTiO3 synthesis [278]. 

Upon reduction treatment at 900 ºC in H2 during the synthesis of SCMOre, this 

impurity phase can be completely eliminated, as confirmed by XRD in Fig. 2. In  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

contrast to Figure 3-1a, Figure 3-1b and 3-1c show that the peaks, e.g. the (112) peak, 

gradually shift to higher angle, which implies the successful calcium dissolution into 

lattice for the 30 mol.% and 50 mol.% substituted strontium molybdate. Besides, as 

shown in Figure 3-1c, the high content of calcium incorporated into the A site leads to 

the peak splitting and broadening, possibly caused by the lattice distortion due to the 

ionic radius aberration, Sr
2+

 (1.44 Å) [113] vs. Ca
2+

 (1.34 Å) [279]. After reduction, 

SCMOre exhibits a perovskite structure in Figure 3-2. With the introduction of Ca into 

A site, we can also observe a gradual peak shift towards higher angle from SrMoO3 to 

Sr0.5Ca0.5MoO3, which corresponds to the decreased d-spacing. This evidenced the 

Figure 3 - 1 XRD pattern of (a) SrMoO4; (b) Sr0.7Ca0.3MoO4; (c) 

Sr0.5Ca0.5MoO4. 
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retention of Ca in the lattice under reducing condition, instead of existing in a 

secondary phase. Furthermore, when Ca partially replaces Sr on A site to form 

Sr0.7Ca0.3MoO3 and Sr0.5Ca0.5MoO3, a new peak can be indexed at 40.5º in Figure 3-2, 

which corresponds to (110) of metallic Mo (JCPDS 42-1120). Mo precipitation is not 

outstanding when 30 mol.% Ca substitutes for Sr, while the presence of Mo is 

significant when the Ca content was further increased to 50 mol.%. The structure 

analysis by the Rietveld Method was carried out using TOPAS. The experimental and 

calculated profiles of X-ray diffraction data are presented in Figure. 3-3 and their 

refinement parameters are listed in Table 3-1. The profile refinements converge to a 

good solution in space group Pm3m (221), Pm3m (221) and I4/mcm (140) for SrMoO3, 

Sr0.7Ca0.3MoO3 and Sr0.5Ca0.5MoO3 respectively. With increasing content of Ca, the 

structure transits from cubic to tetragonal perovskite. From the graphs presented in 

Figure 3-4c and 3-4d, we can clearly see that the MoO6 octahedrons tilt along z axis(c 

direction) when 50 mol.% Ca is substituted for Sr on the A site, which is in contrast to 

cubic SrMoO3 and Sr0.7Ca0.3MoO3 (Figure 3-4a and 3-4b). This tilting is obviously 

caused by Ca (1.34 Å) replacement of Sr (1.44 Å).   

Figure 3 - 2 XRD patterns of (a) SrMoO3; (b) Sr0.7Ca0.3MoO3; (c) 

Sr0.5Ca0.5MoO3. 
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Figure 3 - 3 Rietveld Method on (a)SrMoO3; (b)Sr0.7Ca0.3MoO3; 

(c) Sr0.5Ca0.5MoO3. 
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Table 3 - 1 Refinement results and crystallographic data for SrMoO3, 

Sr0.7Ca0.3MoO3 and Sr0.5Ca0.5MoO3 at room temperature 

Nominal 

composition 
SrMoO3 Sr0.7Ca0.3MoO3 Sr0.5Ca0.5MoO3 

Space group Pm3m(221) Pm3m(221) I4/mcm(140) 

a (Å) 3.9752 3.9579 5.5757 

c (Å) ‒ ‒ 7.8817 

V (Å
3
) 62.8174 62.0028 245.030 

Sr(Ca)‒O(1) × 12Å 2.8108 2.7987 2.5289 

Sr(Ca)‒O(2) × 12Å ‒ ‒ 2.7878 

Mo‒O(1) × 6 Å 1.9876 1.9789 1.9705 

Mo‒O(2) × 6 Å ‒ ‒ 2.0088 

Rwp (%) 7.59 4.67 5.18 

Rp (%) 5.57 3.37 3.66 

χ
2
 2.39 3.20 3.48 

Previous analysis of Ru ex-solution and nucleation on lanthanum chromite were 

focused on the Ru diffusion in reducing condition by tracking the changes of the  

  

Figure 3 - 4 Structure visualization of (a) and (b) for SrMoO3 and 

Sr0.7Ca0.3MoO3 (in cubic Pm3m); (c) and (d) for Sr0.5Ca0.5MoO3 (in tetragonal 

I4/mcm) ((c) and (d) are in view of c direction). 
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particle size in the course of time [269]. Later, a DFT study on the regenerative 

behaviour of LaFe1-xMxO3-y (M = Pd, Rh, Pt) suggested the significance of oxygen 

vacancies (Vo) in favor of surface segregation [102, 280]. In our case, metal Mo 

precipitation could be detected by ex-situ characterization, e.g. SEM after reduction in 

H2 in less than 2 h. As shown in Figure 3-5a and 3-5b, we can see the ex-solved Mo 

nucleates into several tens of nano-meters on the scaffold of SCMOre–GDC for both  

 

30 mol.% and 50 mol.% Ca-substituted strontium molybdate, which is in contrast to 

SCMOox–GDC anode before reduction (Figure 3-5c). Considering the calculated bond 

length of Mo-O where Mo-O(1) of 1.9705 Å is shorter than 2.0088 Å of Mo-O(2) 

along the c direction, this lattice distortion could lead to structural instability. At high 

temperature in H2, SCMOre is not thermodynamic stable compared to the undoped one, 

which could possibly explain the Mo segregation on the surface.  

  

Figure 3 - 5 Morphological graph by FESEM: (a) Sr0.5Ca0.5MoO3‒GDC; (b) 

Sr0.7Ca0.3MoO3‒GDC; (c) Sr0.5Ca0.5MoO4–GDC; (d) SEM image for cross-

section view of a single cell 
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3.3.2 Reversibility examination of Mo ex-solution 

The segregated Mo nanoparticles tend to aggregate at high temperature. A regenerative 

anode would be a potential solution to the gradual performance degradation caused by 

particle agglomeration. To examine the reversibility of Mo segregation, XRD was 

carried out on SCMOre and SCMOox powder after alternating treatment in H2 and air.  

 

 

 

 

 

 

 

 

 

 

Figure 3-6a exhibits the characteristic peaks of the fresh prepared Sr0.5Ca0.5MoO4. 

Subsequent reduction of the fresh prepared Sr0.5Ca0.5MoO4 in H2 leads to the 

emergence of Mo (110) peak at 40.5º (Figure 3-6b). After another oxidation/reduction 

cycle, Sr0.5Ca0.5MoO3 still retains its perovskite structure as shown in Figure 3-6c, 

which indicates the reversible behaviour of Mo segregation in response to 

reducing/oxidizing conditions. Similar phenomena were also observed for 30 mol.%  

  

Figure 3 - 6 XRD patterns of (a) fresh prepared Sr0.5Ca0.5MoO4; (b) 

Sr0.5Ca0.5MoO3 obtained by reducing fresh prepared Sr0.5Ca0.5MoO4; (c) 

Sr0.5Ca0.5MoO3 obtained after a redox cycle (the cycle to oxidize 

Sr0.5Ca0.5MoO3 to Sr0.5Ca0.5MoO4 and then reduce back) 
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Ca substituted strontium molybdate by comparing freshly prepared Sr0.7Ca0.3MoO3 of 

Figure 3-7b with the one in Figure 3-7c after one redox cycle. As shown in Figure 3-7a 

and 3-7d, Sr0.7Ca0.3MoO3 can also be re-oxidized back to its oxidizing state, evidenced 

by the identical peak positions. The slightly broadened peaks could be ascribed to the 

decreased crystallinity caused by cyclic redox treatment. 

 

 

 

  

 

 

 

 

To provide further support for molybdenum’s dissolution back into the lattice, DSC-

TGA analysis was conducted at the ramping rate of 15 ºC/min to 900 ºC. In Figure 3-

8a, the TGA curves show two-stage weight increase, which correspond to two 

exothermic peaks in DSC plot in red arrows, especially for Sr0.5Ca0.5MoO3. Clearly, 

weight starts to change around 400 ºC, indicating the onset point of oxidation of 

SCMOre to SCMOox, reaches a saddle point at 600 ºC in the case of Sr0.5Ca0.5MoO3 

and finally settles on a plateau above 800 ºC. This behaviour presumably indicates the  

  

Figure 3 - 7 XRD patterns of (a) Sr0.7Ca0.3MoO4; (b) Sr0.7Ca0.3MoO3; (c) 

Sr0.7Ca0.3MoO3 after one redox cycle; (d) re-oxidized Sr0.7Ca0.3MoO4 from 

(c). 
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dissolution of metal Mo back to the lattice, in accordance with the second exothermic 

peak in DSC plot. However, as known that the melting point of MoO3 is very low at ~ 

795 ºC [247], it is possible for molybdenum to escape in the form of MoO3 after 

oxidation in air at elevated temperature. To examine that, DSC-TGA curve of 

commercial MoO3 is shown in Figure 3-8b. A typical endothermic peak emerges at 

~800 ºC, accompanied by a sharp decrease of weight, due to the sublimation of MoO3. 

This is in good agreement with a previous result [247]. In contrast, no endothermic 

   

Figure 3 - 8 (a) TGA-DTA curves of Sr1-xCaxMoO3 oxidation and the DSC 

curves are assigned accordingly in colours; (b) MoO3 TGA in black squares 

and its DSC in red line (peaks of rising-up denoting exothermic, dropping-

down as endothermic, indicated by pink arrows) 
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peak is observed for Sr1-xCaxMoO3 samples (Figure 3-8a, albeit the second exothermic 

peak of sample Sr0.7Ca0.3MoO3 isn’t obvious, yet still discernible around 800 ºC). 

Instead, the weight starts to increase at around 400 ºC and levels off at 800 ºC. By 

referring to the following reaction:  

Sr1-xCaxMoO3 (x=0.3, 0.5) + 1/2O2 = Sr1-xCaxMoO4 (x=0.3, 0.5)        (1) 

We have calculated the weight increase of 7.3 wt.% and 7.7 wt.% for the oxidation of 

Sr0.7Ca0.3MoO3 and Sr0.5Ca0.5MoO3. These agree with what we have measured by TGA 

in Figure 3-8a. Based on the analysis above, we can conclude that Sr1-xCaxMoO3 

(x=0.3, 0.5) is oxidized to Sr1-xCaxMoO4 (x=0.3, 0.5) from 400 ºC to 800 ºC through 

reaction (1). No evidence was found to be supportive for molybdenum sublimation in 

the form of MoO3. Instead, its oxidation and dissolution back into the lattice can be 

inferred, demonstrating the reversibility of Mo segregation.  

3.3.3 Anode structure analysis and its electrochemical performance towards H2 

and CH4  

Figure 3-5d shows the cross-section view of SCMOox–GDC electrode after sintering at 

1150 ºC for 2 h. A porous anode of ~ 70 μm in thickness is well attached to LSGM 

electrolyte. Unlike previous studies, no buffer layer, e.g. LDC [281, 282] or SDC [118, 

283] was used between anode and electrolyte in our study. By SEM, no obvious 

reactions can be discerned along the interface.  

To test the effect of Mo on fuel oxidation, polarization curves were recorded at 800 ºC 

on SCMOre–GDC anode. After reduction in H2 for 2 h to ensure the Mo ex-solution, 

increased performance towards H2 oxidation can be obtained for Sr0.5Ca0.5MoO3–GDC 

compared to SrMoO3–GDC, 330 mW cm
-2

 vs. 280 mW cm
-2

 in Figure 3-9a, in 

accordance with the deceased polarization resistance (Rp) in Figure 3-9b, which 

implies that metal Mo does promote catalytic activity. A previous study reported a Ru 
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doped lanthanum chromite–GDC anode [284]. Its performance test in hydrogen for 96 

h was observed 2 ~ 3 times better than that in hydrogen for 15 min because of the 

ripening of Ru nanoparticles in the course of time. However, our study showed that 

Mo ex-solution was much faster and these segregated Mo nanoparticles tend to 

agglomerate into larger particles of several tens of nano-meters, which possibly is the 

reason for the limited performance improvement.  

3.4. Conclusions 

Based on an electronic conductive anode material SrMoO3 [1], we demonstrated a 

method for performance improvement by partially substituting Ca for Sr on the A site. 

Figure 3 - 9 (a) I-V-P curves for Sr0.5Ca0.5MoO3‒GDC SrMoO3‒GDC anodes at 

800 ºC in H2; (b) their corresponding EIS curves. 
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The Ca substitution decreased the thermodynamic stability upon reducing conditions, 

resulting in Mo segregation on the surface. We further confirmed this Mo segregation 

was reversible in response to reducing and oxidizing conditions. This ex-soluted 

Molybdenum showed its catalytic activity towards H2 oxidation and C-H bond 

breaking. For H2 oxidation, the performance was improved from 280 mW cm
-2

 to 330 

mW cm
-2

 at 800 ºC when 50 mol.% Ca was incorporated. This study demonstrates for 

the first time that A-site substitution can also lead to B-site metal ex-solution and it 

differentiates from the previously reported B-site doped anodes with reversible metal 

ex-solution on B site, which enlightened a new thought to manipulate B-site through 

A-site doping.   
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Chapter 4 Investigation of molybdenum carbide nano-rod as 

an efficient and durable electrocatalyst for hydrogen 

evolution in acid and alkaline 

(This chapter is reproduced with permission from P. Xiao, Y. Yan, X. Ge, et al., 

Investigation of molybdenum carbide nano-rod as an efficient and durable 

electrocatalyst for hydrogen evolution in acidic and alkaline media. Applied Catalysis 

B: Environmental, 2014. 154–155(0): p. 232-237. Copyright 2014, Elsevier) 

4.1. Introduction 

Hydrogen production from electrochemical splitting of water has attracted increasing 

interests because it can be realized though renewable pathways [285]. Besides, the 

zero emission of carbonaceous species from hydrogen utilization makes hydrogen an 

ideal candidate for the replacement of fossil fuel energy in the future [2, 286]. In the 

course of seeking of highly efficient electrocatalyst for hydrogen production, Pt has 

emerged as the most efficient one in acidic media [287-290]. Unfortunately, the 

scarcity and high cost of Pt hinder its commercial application in large scale. In the past 

decades, efforts have been made to search for low-cost alternatives to reduce the use of 

Pt or even replace it [291]. Several non-noble metal based materials, such as transition-

metal complexes [292, 293], chalcogenides [125, 154], carbide [190, 294, 295] and 

metal alloys [296] have been vigorously pursued as catalysts or supports for the 

electrochemical hydrogen evolution reaction (HER). Among them, molybdenum 

disulphide was highlighted as a superb and cost-effective catalyst [145, 161, 164, 167, 

174], after polygonal molybdenum disulphide (MoS2) nanocrystal with exposed edges 

on Au was found to be active towards HER [126, 173] for the first time. However, 

apart from its instability in alkaline condition [190], the conductivity of MoS2 is very 

low, ranging from ca. 10
-8

 S/cm [297] to 0.1 S/cm [298], which usually requires the 
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additional incorporation of conductive substrates, such as graphene [134, 136, 141], 

carbon sphere [147], and carbon nanotubes [144]. 

Molybdenum carbide (Mo2C), another type molybdenum compound, was widely 

employed as a catalyst for methane reforming [299], methanol steam reforming [300], 

oil conversion [301], and water gas shift reaction [302] etc. Its electrochemical activity 

towards HER was only recently reported by Hu et al. [190, 197]. Its derivatives, such 

as Mo2C/CNT [191] and Mo2C/RGO [193] also exhibit high activities towards 

hydrogen evolution. As a sole catalyst towards hydrogen evolution, catalytic activity 

and electrical conductivity are two critical factors for electrochemical applications. For 

Mo2C, those two attributes have not been fully unveiled yet, especially in alkaline 

condition. 

In this work, we synthesize Mo2C nano-rods through a simple method of carburization 

of ammonium molybdate tetrahydrate and aniline complex [303, 304]. A well-defined 

porous Mo2C nano-rod with highly exposed (101) plane was obtained at 700 ºC under 

20% H2/Ar, and the composition transformations during carburization process are 

carefully studied. The activities of molybdenum carbides towards HER were 

investigated in both acidic and alkaline media.  

4.2. Experimental  

4.2.1. Mo2C nano-rods synthesis 

Ammonium molybdate tetrahydrate ((NH4)6Mo7O24•4H2O) (Sigma-Aldrich) was used 

as the Mo precursor. Aniline (Sigma-Aldrich, >98%) was used as received. In a typical 

procedure, 0.827 g (NH4)6Mo7O24•4H2O was dissolved by 10 ml DI-water in a vial, 

and 1.089 ml aniline was pipetted into the solution. The pH value of the solution was 

adjusted to ~ 4.5 by stepwise dropping 1 M HCl under vigorous stirring. Finally, the 

obtained suspension in a vial was mounted in a water bathing receptacle at 80 ºC for 3 
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h. After reaction, the yellowish product was washed by ethanol repeatedly. Before 

carburization, the as-synthesized Mo2C nano-rod was dispersed into water for 

ultrasonication in a 15s-on-15s-off mode for 1 h and dried at 80 ºC overnight. 

Carburization experiments were carried out at different temperatures (450 ºC ~ 700 ºC) 

in various gas compositions. Nickel was loaded onto Mo2C rod by impregnation of 1 

M Ni(NO3)2 and post-sintered at 450 ºC under reducing condition.  

4.2.2. Material characterization  

X-Ray diffraction (XRD) was conducted using a Cu Kα radiation source (Bruker, D2 

Phaser) to examine the phase structures after carburization. Morphological contrasts 

were observed by using a field emission scanning electron microscope (FE-SEM, 

JEOL, JSM6701F, Japan) while transmission electron microscopy (TEM) and high 

resolution TEM images were collected on TEM Philips CM300. Raman spectroscopy 

spectrum was measured by a laser of 514 nm wavelength on the as-synthesized Mo2C 

nano-rod. X-ray photoelectron spectroscopy (XPS) was performed on a VG Escalab 

200i-XL spectrometer equipped with a monochromatic Al Kα (1486.6 eV) X-ray 

source. The electrical conductivity tests were conducted using a four-probe method on 

a thin rectangular bar of dimensions 24 mm × 5 mm × 1 mm, which was uni-axially 

die-pressed under 300 MPa. Both Electrochemical Impedance Spectroscopy (EIS) and 

linear scanning voltammetry were applied to measure the conductivity. Polarization 

curves of the HER were collected by an Autolab PGSTAT302/FRA system (Eco 

Chemie, Netherland) in a three-electrode configuration at room temperature and Pt foil 

and Saturated Calomel Electrode (SCE) were used as the auxiliary electrode and the 

reference electrode, respectively. Firstly, SCE was calibrated by using Pt foil as the 

working electrode both in 0.5 M H2SO4 and 1 M KOH solution (See Figure 4-1) that 

was purged by N2 for half an hour before the tests. Thus, all the potentials were 



Chapter 4 Investigation of Molybdenum carbide nano-rod  

as an efficient and durable electrocatalyst for hydrogen evolution in acid an alkaline 

 79 

recorded with respect to the reversible hydrogen electrode (RHE). Catalyst ink was 

typically made by dispersing 3.5 mg of catalyst in 2 ml ethanol. After adding 0.5 ml of 

0.05wt.% of Nafion solution (Gashub, Singapore) and ultrasonication, a certain 

amount of black slurry was pipetted onto the glassy carbon electrode (0.1963 cm
2
).  

Current density was normalized to the geometrical area of the working electrode. 

Electrochemical impedance spectroscopy (EIS) was conducted in a potentiostatic 

mode in the frequency range of 10
5
 Hz to 0.1 Hz with a perturbation of 10 mV. At 

different overpotentials (η=0 ~ 200 mV), EIS curves were recorded. In particular, at 

η=200 mV, the obtained impedances were fitted by the Zview program. Tafel plots 

were drawn after IR compensation i.e. ηcor= η - jRcor= a + b ln j, where η (V) denotes 

the experimental potential applied vs. RHE, ηcor (V) as the IR compensated potential, b 

(mV dec
-1

) as the Tafel slope, j (mA cm
-2

) as the normalized current density, and Rcor  

can be obtain from Nyquist plot. 

 

 

  

Figure 4 - 1 calibration of saturated calomel electrode in (a) 0.5 M H2SO4 and 

(b) 1 M KOH. 
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4.3. Results and discussion 

4.3.1. Phase transition from molybdenum complex to Mo2C nano-rod and its 

morphology 

Through a self-assembly method to attach protonated aniline to trimolybdate anions 

[305, 306], anisotropic growth [304] of anilium trimolybddate forms 1D nano-rods at 

80 ºC. The as-prepared precursor was firstly annealed in pure H2 for 1 h at the 

temperature ranging from 450 ºC to 700 ºC. The corresponding XRD patterns are 

shown in Figure 4-2. At 450 ºC, Mo2N phase is observed (Figure 4-2c), but the

 

 

 

crystallinity is fairly low and the calculated particle size is ~3.4 nm from the Scherrer’s 

equation. When the temperature is raised up to 600 ºC, Mo2C phase emerges as shown 

in Figure 4-2b, but a hump of an unknown impurity at around 30º can be discerned. 

With the further increase of temperature to 700 ºC (Fig. 1a), Mo2C phase (JCPDS 35-

0787) stands out, but a new peak emerges at 40.5° that is indexed to metallic Mo. 

Hence, 50 vol.%, 35 vol.% and 20 vol.% of H2 balanced by argon are fed, and lead to a 

decreased content of Mo in Mo2C accordingly as shown in Figure 4-2(d, e, f). To be 

specific, the Mo2C obtained in 50 vol.% H2/Ar and 35 vol.% H2/Ar are denoted HMo-

Mo2C-R, LMo-Mo2C-R, respectively, whereas the samples obtained in 20 vol.% H2/Ar 

Figure 4 - 2 XRD patterns of molybdates: a) 450 C, pure H2; b) 600 C, pure 

H2; c) 700 C, pure H2; d) 700 C, 50 vol.% H2/Ar; e) 700 C, 35 vol.% H2/Ar; f) 

700 C, 20 vol.% H2/Ar. 
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show no diffraction signal of metallic Mo and are named as Mo2C-R. Then FE-SEM 

was employed to examine the morphology contrast among HMo-Mo2C-R, LMo-

Mo2C-R and Mo2C-R. Clearly, both HMo-Mo2C-R and LMo-Mo2C-R show rough 

surfaces embedded with small particles (Figure 4-3), and XRD patterns suggest that 

those particles should be metallic Mo, corresponding to the peak emerging at 40.5 º in  

Figure 4-2(c, d, e). In sharp contrast, Mo2C-R exhibits smooth surface with a rod 

diameter of ~50 nm to ~ 200 nm in Figure 4-4a. TEM images showed in Figure 4-4b 

reveal a porous structure of the synthesized Mo2C nano-rods, consistent with a 

previous study [303]. From Figure 4-4c, groups of parallel lines are observed for the 

first time. Figure 4-4d suggests that those lines are arrayed with (101) plane of Mo2C 

with a d-space of 0.23 nm, which can be detected in several particles. Besides, Figure 

4-4d also shows that this porous Mo2C nano-rod is comprised of rather small particles, 

and the inset of Figure 4-4c shows the particle size distribution.  

X-ray photoelectron spectroscopy (XPS) was employed to further elucidate the 

composition of Mo2C-R.  HMo-Mo2C-R was also examined for the purpose of 

comparison. As shown in Figure 4-5, both deconvoluted profiles of Mo2C-R and 

HMo-Mo2C-R show MoO3 and MoO2 [190, 307, 308], suggesting that Mo2C is prone 

Figure 4 - 3 FESEM images (a) HMo-Mo2C-R; (b) LMo-Mo2C-R. 
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to oxidation on the surface. Figure 4-5b also reveals that HMo-Mo2C-R includes a 

doublet of 227.7eV/230.8eV, which can be ascribed to the metallic Mo decorated on 

Mo2C, while no metallic Mo is observed on Mo2C-R sample, in accordance with XRD 

results. 

4.3.2. Electrochemical, conductivity test 

 

Before the measurement of conductivity, Raman spectroscopy experiments were 

conducted for further confirmation of the residue carbon that the as-prepared Mo2C-R  

may retain during carburization. As shown in Figure 4-6, no characteristic peaks, e.g. 

the D band, G band or 2D band [309, 310] of carbon materials are detected, instead it  

 

  

Figure 4 - 4 Morphology of Mo2C-R (a) FESEM images; (b, c, d) TEM 

images. 
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Figure 4 - 6 Raman spectrum of Mo2C-R and HMo-Mo2C-R 

only manifests typical peaks of Mo2C [311]. The electrical conductivity of Mo2C is 

critical for electrocatalytic application and was measured at room temperature. The 

results from both EIS and I-V measurement agree with each other quite well, rendering 

30 S cm
-1

 (Figure 4-7). This value is comparable to those commonly used substrates,  

 

Figure 4 - 5 XPS of (a) Mo2C-R; (b) HMo-Mo2C-R 
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such as RGO, which has a reported range of 0.5 S cm
-1

 ~ 100 S cm
-1

 [309, 312]. It is 

noteworthy that the conductivity test may not fully exhibit its theoretical value as the 

die-pressed Mo2C-R bar is still porous, which definitely underestimates its 

conductivity [313, 314]. This indicates that Mo2C nano-rod itself has sufficient 

conductivity for electrocatalytic application. 

In a three-electrode configuration, linear scan voltammetry (LSV) experiments were 

firstly conducted in 0.5 M H2SO4. As shown in Figure 4-8, all the as-synthesized 

molybdenum carbide nano-rods outperform commercial Mo2C, and among them, 

Mo2C-R exhibits the highest catalytic activity. The onset potentials for HMo-Mo2C-R, 

LMo-Mo2C-R and Mo2C-R can be discerned as 125 mV, 97 mV and 68 mV 

respectively, which are determined by reading the deviating point in the potential-log 

|j| plot (Figure 4-9) [141, 287].  

Figure 4 - 7 Conductivity measurements of as-synthesized Mo2C-R 
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For Mo2C-R, the potential of η=200 mV drives current densities of 32 mA cm
-2

 vs. 0.8 

mA cm
-2

 for commercial Mo2C, suggesting a promising candidate for hydrogen 

evolution. Compared to commercial Mo2C, this high performance is benefitted from 

small particulates among the porous structures observed in TEM images (Figure 4-4) 

as this porous structure potentially increases the accessibility of protons to the inner 

particles. Interestingly, among the as-synthesized Mo2C rods, the cathodic current 

drops with the increased content of metallic Mo in the catalysts.  This phenomenon 

strongly indicates that metallic Mo is responsible for this distinguishable performance. 

A theoretical calculation [125, 315] of the binding energy of metallic Mo implies that 

metal Mo is not a good candidate for hydrogen evolution because of its strong bond to  

Figure 4 - 8 Polarization curves in 0.5 M H2SO4, mass loading 0.43 mg cm-2 
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atomic H. Likewise, a slow H release caused by the strong hydrogen bond could 

explain the inferior performance of HMo-Mo2C-R and LMo-Mo2C-R to Mo2C-R. 

Furthermore, the XPS spectra deconvolution shows that the carbide peak of HMo-

Mo2C-R is relatively weaker than that of Mo2C-R (magenta line, Figure 4-5). A higher 

intensity indicates a higher content of Mo2C for the porous Mo2C-R compared to 

HMo-Mo2C-R and LMo-Mo2C-R. This correlates well with their HER activity and 

suggests Mo2C phase is responsible for the catalytic activity towards hydrogen 

evolution. 

To understand various processes during HER, Electrochemical Impedance 

Spectroscopy (EIS) was carried out under different overpotentials. At η=0 ~ 100 mV, 

Bode plots suggest a one-time-constant process for both LMo-Mo2C-R (Figure 4-10b) 

  

Figure 4 - 9 Tafel plots of commercial Mo2C, Mo2C-R, HMo-Mo2C-R, LMo-

Mo2C-R, 20% Pt/C in 0.5 M H2SO4. 
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 and Mo2C-R (Figure 4-11b). Nyquist plot also confirms this behaviour of Mo2C-R, 

indicated by one semi-circle, as shown in Figure 4-11a. Interestingly, when the 

overpotential is increased up to η =150 mV and 200 mV, it is found that a linear part  

 

 

emerges at high frequency which is associated with the transport process [169]. Low-

frequency region is highly potential-dependent by comparing Figure 4-11c with d, 

suggesting a charge-transfer process. Hence, a model of a Rs representing the ohmic 

 

  

Figure 4 - 10 Bode plots in 0.5 M H2SO4 under different overpotentials: (a) 

HMo-Mo2C-R; (b) LMo-Mo2C-R 

 

Figure 4 - 11 EIS curves in 0.5 M H2SO4:  (a) Nyquist plot and (b) Bode plot of 

Mo2C-R; (c) Nyquist plots of LMo-Mo2C-R and Mo2C-R at η=150 mV; (d) 

Nyquist plots of LMo-Mo2C-R, Mo2C-R and their fitting results at η=200 mV. 
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resistance of electrolyte and all contact resistances, in series with a Constant Phase 

Element (CPE) that is in parallel with a Warburg resistance (Ws) and a charge-transfer 

resistance (Rct) (see the model in Figure 4-12), is applied and the Rct and Warburg  

 

Warburg impedance 𝑍 =  
𝑅𝑤𝑡𝑎𝑛ℎ[ (𝑗𝑇𝑤 𝜔)𝑃𝑤]

(𝑗𝑇𝑤 𝜔)𝑃𝑤
  

resistance (Rw) of the fitted results are presented in Table 4-1. As shown in Figure 4-

11d, it is clearly that Mo2C-R (Rct, 1.4 Ω; RW, 3.9 Ω) shows a faster charge-transfer 

and diffusion process than LMo-Mo2C-R (Rct, 4.9 Ω; RW, 6.9 Ω) at η =200 mV. In 

contrast, HMo-Mo2C-R exhibits one-time-constant behaviour at all potentials applied 

(Figure 4-10a). 

Table 4 - 1 Tafel slope b, exchange current density jo in 0.5 M H2SO4 

 
b 

(mV dec
-1

)
 
 

jo 

(mA cm
-2

) 

Rct @ η =200 

mV (Ω) 

RWs @ η =200 

mV (Ω) 

Mo2C-R 58 3.3 × 10
-2

 1.4 3.9  

LMo-Mo2C-R 70  3.1 × 10
-2

 4.9 6.9 

HMo-Mo2C-R 74  1.5 × 10
-2

 11.6 — 

Commercial 

Mo2C 
73  1.4 × 10

-3 
 — — 

20 wt.% Pt/C 32 0.62 — — 

At low current density, where mass transport is negligible, Tafel analysis can be 

applied to analyse the reaction mechanism. The detailed Tafel slopes and exchange 

current densities are summarised in Table 4-1. The Tafel slopes of 66 mV dec
-1

 and 58 

mV dec
-1

 (IR drop corrected) for Mo2C-R were observed, which is comparable to the 

previously reported values of  55 mV dec
-1

 for Mo2C-CNT [191] and  

  

Figure 4 - 12 Raddles’ circuit as the equivalent model  
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 62.7 mV dec
-1

,
 
for MoSoy/RGO [193]. Generally, to convert protons to H2, three 

elementary reaction steps are involved [148], Volmer: H
+
 + e

- 
→ Had (1), Heyrovsky: 

Had + H
+
 + e

- 
 → H2 (2) and Tafel: Had + Had → H2 (3). Molecular hydrogen can be 

produced when reaction (1) is combined with reaction (2), or reaction (3). If the 

Volmer step is the rate-determining step, it invokes a Tafel slope of 120 mV dec
-1

. If 

the Heyrovsky or Tafel reaction is the rate-determining step, it gives a Tafel slope of ~ 

40 mV dec
-1

 or ~30 mV dec
-1

 respectively. In our study, a Tafel slope of ~58 mV dec
-1

 

or Mo2C-R implies the Volmer-Heyrovsky mechanism. By extrapolating the linear 

part of the potential-log|j| plot at η=0 (Figure 4-9), the exchange current density can be 

obtained (Table 4-1). In contrast to commercial Mo2C, the exchange current densities 

of all the as-synthesized nano-rod catalysts are found in the order of magnitude of ~10
-

2
 mA cm

-2
 and are comparable to the hybrid Mo2C–CNT , 1.4 ×10

-2
 mA cm

-2
  and 

MoSoy/RGO, 3.7 × 10
-2

 mA cm
-2

 [193]. These values are higher than molybdenum 

disulphide [149, 158, 160], suggesting its promising activity towards HER as a 

standalone catalyst.
 

Stability is a key factor for evaluating a catalyst. Long-term stability was tested by 

cycling potential from -0.24 to 0 V v.s. RHE. As shown in Figure 4-13, there is a slight  

 

  

Figure 4 - 13 Stability test of Mo2C-R in 0.5 M H2SO4, scanning rate: 100 

mV s-1 
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decay of current density in the first 1000 cycles, but it retains its activity in the second 

1000 cycles, which demonstrates an excellent cycling life in acidic environment. 

Few catalysts can be employed in both acid and alkaline media. Noble metal Pt is one 

of them. Previously, non-noble commercial Mo2C was proposed as a catalytic 

candidate for hydrogen evolution in basic conditions by Hu et al. [190]. In this study, 

we also examined the HER activity of the porous Mo2C nano-rod in high pH condition. 

It was observed that the current density reaches ~ 30 mA cm
-2

 at η= 200 mV as shown 

in Figure 4-14, exhibiting an advantageous performance over commercial Mo2C (0.5 

mA cm
-2

 at η= 200 mV). However, it still lacks competition compared to Pt catalyst as 

a non-noble catalyst, especially in view of the onset potential; ~ 67 mV vs. nearly zero 

for Pt in Figure 4-14, which implies that a higher potential is needed to drive HER.  

 

Nickel as a cheap metal has been widely explored for hydrogen evolution in 

concentrated alkaline media. The low overpotential, high exchange current density 

[316, 317], especially in nano-powder [296] make nickel a competitive catalyst for 

HER. Therefore, Ni is incorporated into the Mo2C nano-rod to form the Ni supported 

Mo2C-R, denoted Ni-Mo2C-R (Figure 4-15). With increased loading of Ni, the onset  

  

Figure 4 - 14 Polarization curves of various catalysts in 1 M KOH solution. 
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potential decreases. In particular, when the loading amount is up to 30 wt.%, the onset  

 

 

potential cannot be discriminated from Pt in Figure 4-14. However, it compromises 

with higher overpotential at high cathodic current density. The Tafel slope b and 

current densities are summarized in Table 4-2, where Mo2C-R shows a Tafel slope of 

45 mV dec
-1

 with the exchange current density of 1.1 × 10
-2

 mA cm
-2

, similar to its 

performance in acid. It is also observed that the exchange current density increases 

with the increased loading of Ni.  

Table 4 - 2 Tafel slope b, exchange current density jo in 1 M KOH 

 
b 

(mV dec
-1

)
 
 

jo 

(mA cm
-2

) 

Mo2C-R 45 1.1 × 10
-2

 

3 wt.% Ni-Mo2C-R 55 3.9 × 10
-2

 

10 wt.% Ni-Mo2C-R 73  0.14 

30 wt.% Ni-Mo2C-R 49  0.27
 
 

However, the Tafel slope is not subjected to the same tendency. In the perspectives of 

elementary steps of hydrogen evolution, it is possible that Ni  promotes the adsorption 

of H species, compared to pure Mo2C-R due to its strong bond to H [125]. Thus, it 

could explain the increased exchange current density and decreased onset potential. On 

the other hand, it hampers the Had or molecular H2 release from the active sites, and 

Figure 4 - 15 (a) 10 wt.% Ni loading on Mo2C-R; (b) 30 wt.% Ni loading 

on Mo2C-R 
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furthermore, high loading of Ni may occupy part of the active sites or the pathways for 

H
+
 to access Mo2C-R on the surface (Figure 4-15b). This could give explanation to the 

decreased current density when high content of Ni was incorporated and also expounds 

the changes of Tafel slope because of the ambivalent effects invoked by Ni, However, 

the detailed mechanism of decreased onset potential and degraded performance at high 

current density is not fully understood at this stage and future experiments are needed 

for further clarification. 

4.4. Conclusions 

In summary, we have successfully synthesized Mo2C nano-rods through facile 

carburization of anilinium molybddate. The excellent electrocatalytic performance 

towards hydrogen evolution was observed in both acid (32 mA cm
-2

, at η= 200 mV) 

and alkaline media (30 mA cm
-2

, at η= 200 mV) as a non-noble catalyst. Tafel slopes 

of 58 mV dec
-1

 in acid and 45 mV dec
-1 

in alkaline, suggest a Volmer-Heyrovsky rate-

determining mechanism. The performance is originated from the high conductivity and 

well-defined, porous morphology. Incorporation of Ni onto Mo2C nano-rods reveals 

that Mo2C lacks adsorptive bonding to H species at low overpotentials compared to 

metal Ni, thus causing high onset potential. More importantly, the incorporation of Ni 

onto Mo2C nano-rods reveals the discrepant nature of metals e.g. Ni and compounds, 

e.g. Mo2C for hydrogen evolution. It illuminates the possible ways for further 

improvement of the performance by incorporating Ni into carbide to nickel 

molybdenum carbide complex or their hybrids. 
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Chapter 5 Synthesis and electrochemical activation of 

molybdenum tungsten carbide nanowires for efficient and 

stable hydrogen evolution  

5.1. Introduction 

With zero carbon emission, hydrogen is envisioned as a promising energy carrier [2] to 

substitute for fossil fuels in future. Hydrogen production through electrochemical 

water-splitting has been regarded as a promising way for large scale hydrogen 

production on the condition that the required electricity comes from renewable 

energies [175]. Towards that end, the key challenge lies in the development of low-

cost, highly efficient electro-catalyst to accelerate the electrochemical process of 

hydrogen evolution reaction (HER). Pt-group metals emerge as the most efficient 

candidates, but the high cost and scarce reserve on the Earth exclude the possibility of 

using them for practical applications. Recently, the search of non-noble metal based 

catalysts reveals that some earth-abundant transition-metal sulphides [126, 142, 145, 

149, 154, 164, 165, 167, 169, 173, 174, 318], selenides [159, 319, 320], carbides [190, 

191, 193, 197, 321, 322], nitrides [224, 287] and phosphides [205, 207, 323, 324], 

exhibit promising electrocatalystic activities towards HER. For the well-developed 

MoSx system [176, 177], previous efforts have been focused on the synthesis of 

amorphous phase [164, 165, 168], and scaling down to nanostructured MoSx from its 

bulk term, e.g. thin-layered nanoplates [150-152] for the benefit of the abundantly 

exposed S-edges. However, considering the low crystalline state of amorphous 

molybdenum sulfide, poor long-term stability is expected due to the possible 

dissolution of amorphous MoSx back to [MoS4]
2-

 in the solution [164]. Besides, the 

intrinsic low electrical conductivity of MoS2 (10
-8

 S/cm [297] to 0.1 S/cm [298]) is still 

a big barrier to overcome before any commercial application becomes possible. Other 

than sulfide, highly crystalline molybdenum carbide appears a promising candidate as 
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it exhibits certain activity towards HER even in bulk phase [190] and it possesses an 

advantageous conductivity (~ 30 S cm
-1

) over MoS2 [325]. A recent work [197] also 

demonstrated that improved performance was obtained by introducing a mesoporous 

structure, which sheds light on greatly improving the HER performance by designing 

novel nanostructure and increasing surface area. Unfortunately, it is not easy to obtain 

controlled nanostructure as carbides are usually synthesized by high temperature 

carbonization process. Besides, a surface carbon layer normally forms during 

carbonization and subsequent activation is needed to remove this carbon layer. Such 

activated Mo2C is prone to oxidation on the surface even in ambient air, as manifested 

by pronounced XPS peaks [325] in high binding-energy zone, especially in aged 

sample. Given above, to synthesize well-defined nanostructured Mo2C based material 

with superior stability in air and superb activity towards HER is still challenging and 

its success may truly open up a new direction for the development of none-noble metal 

based electro-catalyst for water electro-splitting. 

Herein, we report a novel binary catalyst that consists of Mo2C and WC in a well-

defined nanowire structure. Based on a tungsten trioxide precursor, molybdenum is 

successfully integrated onto it by a hydrothermal method. A subsequent facile 

carburization transforms oxide to carbide, with preserved interwoven nanowire 

structure. The obtained binary system shows excellent activity and stability towards 

the HER, featuring that: (1) enhanced conductivity is expected by introducing highly 

conductive WC as one constituent; (2) there is no need to form single-layer or thin-

layer nanostructure to ensure high conductivity as in the case of MoS2; (3) 

nanostructured Mo2C is highly integrated onto nanowire, achieving atomic affinity to 

WC and ensuring high structural stability; (4) electrochemical activation by cyclic 
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voltammetry induces a hydrophilic interface of the catalyst by introducing 

carboxyl/epoxy groups, which facilitates the HER. 

5.2. Experimental 

5.2.1 Materials and methods 

Ammonium molybdate tetrahydrate, ((NH4)6Mo7O24•4H2O, Sigma-Aldrich, 

Bioultra, >99.0%), sodium tungstate dihydrate (Na2WO4•2H2O, Sigma-Aldrich, ≥99 %) 

are used as received and no further purification experiments are conducted. In the 

hydrothermal method,  stoichiometric (NH4)6Mo7O24•4H2O and Na2WO4•4H2O (e.g. 

4:1 in molar ratio for nw-W4MoC) were dissolved in DI-water and adjust the pH value 

to ~ 3 by step-wisely adding 5 M HCl, followed by the hydrothermal reaction in 

autoclave at 180 ºC for 10 h. After washing the resulting sample collected from 

autoclave, the obtained bluish powder is undergoing carburization in a tubular furnace 

at 850 ºC. Note that no further deactivation is needed. WC, and nw-W2MoC are 

synthesized in the similar procedure, and Mo2C is obtained from carburizing 

commercial MoO3.  

5.2.2 Materials characterization 

X-Ray diffraction (XRD) with a Cu Kα radiation source (Bruker, D2 Phaser) was used 

to examine the crystal structures of the as-synthesized WC, Mo2C, nw-W2MoC and 

nw-W4MoC. For Morphology, a field emission scanning electron microscope (FE-

SEM, JEOL, JSM6701F, Japan), transmission electron microscopy (TEM, Philips 

CM300) coupled with Energy dispersive X-ray spectroscope (EDS) were employed. 

To examine the composition, X-ray photoelectron spectroscopy (XPS) experiments 

were performed on a VG Escalab 200i-XL spectrometer equipped with a 

monochromatic Al Kα (1486.6 eV) X-ray source. Electrode preparation and 

electrochemical measurements Raman spectroscopy spectrum was measured by a 
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laser of 514 nm wavelength.   

Catalyst ink was typically made by dispersing 14 mg of catalyst in 2 ml ethanol. After 

adding 0.5 ml of 0.05 wt.% of Nafion solution (Gashub, Singapore) and 

ultrasonication, an aliquot of 5 μL was pipetted onto the glassy carbon electrode 

(0.1963 cm
2
) to reach the catalyst loading of 1.28 mg cm

-2
. In a three-electrode 

configuration, Polarization curves were collected by an Autolab PGSTAT302/FRA 

system (Eco Chemie, Netherland) at room temperature. Carbon rod and Saturated 

Calomel Electrode (SCE) are used as the auxiliary electrode, the reference electrode, 

respectively. All the potentials shown were recorded with respect to the reversible 

hydrogen electrode (RHE) after IR correction unless it is denoted individually, where 

the R is referred to the ohmic resistance arising from the electrolyte/contact resistance 

of the setup, and measured by Electrochemical impedance spectroscopy (EIS). Current 

density was normalized to the geometrical area of the working electrode. Polarization 

data is collected at the scan rate of 2 mV/s on a rotation disk electrode under 2000 rpm. 

EISs were carried out in a potentiostatic mode in the frequency range of 10
5
 Hz to 0.1 

Hz with the amplitude of 10 mV. At different overpotentials (η= 90 ~ 120 mV with an 

interval of 10 mV), EIS curves were taken. 

5.2.3 Measurements of the weight ratio in the binary carbides 

nw-W2MoC and nw-W4MoC consist of Mo2C and WC. The oxidation in air at high 

temperature (800 °C) leads to the formation of WO3 and MoO3, and MoO3 has low 

melting point (~ 795 °C), causing a quick sublimation around 800 °C [247, 275]. So, 

isothermal treating of the sample at 850 °C for 2 h ensures the complete sublimation of 

MoO3, shown in the blue curve that track the weight change of the sample in the 

course of time. The final chemical formula in terms of the molar ratio is determined as 
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W0.62Mo0.38C and W0.27Mo0.73C via this method, respectively for nw-W2MoC and nw-

W4MoC.  

5.3. Results and discussion 

The well-defined nanowire structure of complex molybdenum tungsten carbide is 

realized by a pseudomorphic transformation of molybdenum tungsten oxide. First, 

based on the knowledge that hexagonal WO3 nanowire can be formed via a sulfate ion  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 5 - 1 morphology of synthesized (a) WO3 nanowire; (b) nw-W4MoO3; 

(c) nw-W4MoC; (d), (e), (f): TEM images of nw-W4MoC; (g) Mo Kα1, and (f) 

W Lα1: TEM-EDX mapping with respect to the area in (f). 
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directing growth mechanism [326] (Figure 5-1a), adding (NH4)6Mo7O24•4H2O and 

Na2WO4•2H2O together in the process allows the formation of nanowires of 

molybdenum tungsten complex oxides, as shown in Figure 5-1b (W: Mo = 1:4 in 

molar ratio), while using (NH4)6Mo7O24•4H2O alone only leads to the formation of 

micro-belt of MoO3 (not shown). To our observation, changing the molar ratio of the 

precursor doesn’t lead to any morphology change as shown in Figure 5-2 (W: Mo = 

1:2 in molar ratio). For the sake of convenience, the samples are termed by the  

 

 

 

 

 

 

 

 

nominal molar ratio of W to Mo in the precursor. So, the nanowires of molybdenum 

tungsten complex oxides in a molar ratio of 1:2 and 1:4 (W: Mo) are termed as nw-

W2MoO3 and nw-W4MoO3, respectively. The carbides of their counterparts are 

named as nw-W2MoC and nw-W4MoC. After carburization, the nw-W4MoC and nw-

W2MoC retain their structure of interwoven nanowires, with an average size of 15-20 

nm (Figure 5-1c, Figure 5-1d and Figure 5-3). In contrast, WC failed to retain the 

morphology of nanowire WO3 and exists as interconnected particles (Figure 5-4), and 

this is possibly due to the enhanced tolerance of sintering at high temperature with the 

addition of molybdenum.  In a sense, the formation of such binary carbide nanowire is  

  

Figure 5 - 2 SEM graph of nw-W2MoO3 
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unique as single element carbide cannot be formed following the same approach. High  

magnification TEM image in Figure 5-1e reveals that 2~3 layers of carbon wrap on the  

 

surface of nanowires, which is commonly detected for carbides undergoing 

carburization in hydrocarbons [327]. More importantly, nanoparticles of Mo2C are 

found both on the surface and integrated into the nanowire structure, with highly 

exposed (101) planes. A uniform distribution of Mo2C and WC is observed along the 

nanowires by TEM-EDX mapping in a small region in Figure 5-1f. The investigation 

of surface area through N2 adsorption/desorption gives a Brunauer–Emmett–Teller 

(BET) surface area of 44 m
2
/g (Figure 5-5) which is comparable to the mesoporous  

  

Figure 5 - 3 SEM images of nw-W2MoC 

 

Figure 5 - 4 SEM image of WC 
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Mo2C [197]. But the key difference is that the surface areas in this case are mostly  

 

 

 

 

 

external surface area while that the mesoporous one is mainly contributed by inner 

pore surfaces and is less accessible for subsequent electrochemical reaction. 

The crystal structures of the samples are examined by XRD. As shown in Figure 5-6a 

and 5-6b, the peaks of single WC and Mo2C are in hexagonal pack, belonging to the  

 

 

 

 

 

 

 

 

 

 

 

  

Figure 5 - 5 BET surface area of nw-W4MoC 

Figure 5 - 6 XRD of (a) WC.; (b) Mo2C; (c) nw-W2MoC; (d) nw-W4MoC. 
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space group of P-6m2 (187) and P63/mmc (194), respectively. However, in the binary 

system of nw-W2MoC and nw-W4MoC, faced-centered cubic phase of WC (β-WC, 

i.e. WC1-x, in contrast to hexagonal WC, i.e. α-WC) is also observed, especially in the 

case of nw-W4MoC with high Mo content, where α-WC phase completely disappears 

and gives rise to β-WC, and the characteristic peak of β-WC at 42.9 ° shifts to 41.6 ° 

(labelled in green dot), indicating the possible dissolution of Mo atoms into WC lattice 

[321], causing increased distance of lattice planes in the crystal structure.  To probe the 

surface property, X-ray photoelectron spectroscopy (XPS) was employed. Figure 5-7a, 

Figure 5-7b and Figure 5-7c show the typical XPS profiles of pristine nw-W4MoC. 

The Mo 3d electron (Figure 5-7a) displays two doublets. After peak deconvolution, the  

 

  

Figure 5 - 7 XPS of nw-W4MoC sample: before activation (a) Mo 3d; (b) W 4f; 

(c) C 1s; After electrochemcail activation (d) C1s. 
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pair of peaks (228.8 eV/231.9 eV) in higher binding energy is attributed to Mo
4+

 or 

MoO2 [328, 329], while the other pair is assigned to Mo2C. No peaks representing 

higher valence state, e.g. Mo
5+

, Mo
6+

 or MoO3, are detected. We speculate that the 

carbon on the surface may have prohibitive effect to prevent further oxidation, 

explaining the absence of the peaks Mo
6+

/MoO3 that is observed in our precious study 

[325].  Similarly, W4f electron shows strong signal in a doublet (31.5/33.65 eV) in 

Figure 5-7b, which represents the characteristic peaks for WC [187]. A small shoulder 

profile is also detected in the region of high binding energy (~ WOx), indicating a 

minor oxidation of WC, likewise Mo2C. However, C1s profile only manifests the 

graphitic carbon ~ 284.3 eV [187], and no carbidic peak (lower binding energy, ~ 

282.7 eV [187]) is observed. This can be ascribed to the carbon on the surface, where 

the graphitic carbon has covered the signal of the carbidic carbon. A similar 

phenomenon is observed by Chen et al. [187], where the graphitic carbon layers are 

even detectable by XRD if they are thick enough. Nevertheless, our study doesn’t 

show any diffraction peaks from graphitic carbon by XRD, suggesting the thin 

thickness of the carbon layer. 

The activities of the various catalysts are investigated in 0.5 M H2SO4 in a three-

electrode setup (Figure 5-8). To avoid any possible contamination of Pt, carbon rod is 

used as the counter electrode (see supporting information (SI) for the details). By 

comparing the catalysts synthesized, we can conclude that the activity in the pristine 

bimetallic carbide is higher than any single metallic carbide and such activity is mostly 

originated from Mo2C [186, 190], lying in the fact that Mo2C obtained from 

commercial MoO3 (bulk phase) outperforms WC in nanosize (Figure 5-4) and 

increased content Mo from nw-W2MoC to nw-W4MoC results in improved 
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 performance (the weight ratio of W/Mo is determined by TGA in Figure 5-9 and 

discussed in details in experimental section 5.2.3). This improved performance relative 

to single phase Mo2C emphasizes the benefit of such unique structure that allows the 

dispersion and integration of Mo2C in the highly conductive WC nanowire support (~ 

10
5
 S/cm at 20 °C). Another useful metric to interpret the polarization curve is through 

the comparison of Tafel slope by plotting potential vs. log|j| (current density in 

logarithm). By applying Volmer-Tafel or Volmer-Heyrovsky mechanism, Tafel slope 

as a descriptor gives illustrative information for the comparison of the kinetic rate of 

the discharging reaction (Volmer step: H3
+
O + e

- 
+ M → Had-M+ H2O [330]). Tafel 

slope of 82 mV dec
-1

 for WC suggests that it is inferior to Mo2C (56 mV dec
-1

), as 

shown in Figure 5-8b. The bimetallic carbide nanostructure doesn’t change the  

  

Figure 5 - 8 polarization curves of molybdenum tungsten carbide (scan rate: 2 

mV/s): (a) before CV activation, (c) after CV activation; Tafel plots: (b) before 

CV activation, (d) after CV activation. 
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reaction route, indicated by the similar Tafel slope obtained (~ 56 mV dec
-1

). In the 

meantime, even for the best performing catalyst (the pristine nw-W4MoC), the 

overpotential after iR correction still reaches 250 mV at 80 mA/cm
-2

 (Figure 5-8). This 

is likely due to the presence of surface carbon layer, as evidenced from the TEM and 

XPS analysis. It is possible to remove the extraneous carbon by cutting off the 

hydrocarbon after carburization, and feeding pure H2 immediately, but it requires the 

precise control of the temperature, dwell time and hydrogen flows. Chen et al. [185] 

proposed the elimination of the carbon by exposing the catalyst in an oxygen plasma 

environment, which requires a plasma generator. In our study, we find that simple 

electrochemical activation by cyclic voltammetry (0.26 to 0.61V vs. RHE) in 1000 

cycles could potentially serve the same purpose. Compared to the previous activation 

approaches, such electrochemical activation is very simple and does not need 

additional apparatus. The unique advantage is that it allows the in-situ activation at the 

device level after the catalyst is assembled into the device. After the activation, 

significant improvement in the activity can be observed. For example, to drive a 

current density of 80 mA cm
-2

, it requires the overpotential of 184 mV (vs. 250 mV  

  

Figure 5 - 9 TGA of nw-W2MoC and nw-W4MoC 
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before activation) for the sample of nw-W4MoC, and improved performance is also 

observed for Mo2C and nw-W2MoC as shown in Figure 5-8c. The exchange current 

density extracted from the Tafel plot is summarized in Table 5-1, where nw-W4MoC 

shows 5 times increase in the exchange current density after the electrochemical 

activation (2.9 × 10
-2

 mA cm
-2 

vs 4.7 × 10
-3

 mA cm
-2

). Electrochemical impedance  

 

 
Before activation After activation 

b 

(mV dec
-1

)
 
 

jo 

(mA cm
-2

) 

b 

(mV dec
-1

) 

jo 

(mA cm
-2

) 

WC 82 6.8 × 10
-4

 - - 

Mo2C 58 2.6 × 10
-3

 53 5.8 × 10
-3

 

nw-W2MoC 56 3.4 × 10
-3

 53 1.1 × 10
-2

 

nw-W4MoC 56 4.7 × 10
-3

 52 2.9 × 10
-2

 

spectra give similar information (Figure 5-10 and Table 5-2), where decreased charge 

transfer resistance (Rct) is observed when the pristine nw-W4MoC is activated.  

Besides, a Tafel slope of 52 mV dec
-1

 implies that the activated nw-W4MoC is subject 

to the same Volmer-Heyrovsky route. To our knowledge, this performance is the best  

 

 

Rct before 

activation 

(ohms)
 
 

Rct after activation 

(ohms) 

η = 90 mV 390.5 118.0 

η = 100 mV 181.6 78.2 

η = 110 mV 133.8 49.5 

η = 120 mV 123.0 32.5 

  

Table 5 - 1 Tafel slope b and exchange current density jo 

Table 5 - 2 charge transfer resistance of nw-W4MoC before and after cyclic 

voltammetry 
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Figure 5 - 10 Bode and Nyquist plot of nw-W4MoC at different over-potentials 

in 0.5 M H2SO4 

among all the carbide material investigated so far [190, 191, 193, 197, 321, 322]. To 

elucidate the activation process, the activated nw-W4MoC was characterized by XPS. 

Figure 5-7 shows that new peaks emerge in the profile of C1s after the activation. The 

peak in low binding energy (282 .8 eV) is attributed to carbidic carbon, and the peaks 

in the region of high binding energy are signed to epoxy carbon, carboxyl group 

respectively [331, 332]. It is noteworthy that graphitic carbon is still present, but as a 

minor composition in the nw-W4MoC. Raman spectra in Fig. 5 evidence the 

graphene-like carbon in both the pristine and activated nwW4MoC by the presence of 

D band and G band that is correlated with E2g mode of sp2 carbon. But the signal is 

less prominent after the activation. Given the above, the carbon layer on the surface is 

not completely stripped off by the CV technique. However, the electrochemical 

treatment successfully modified the interfacial properties by converting graphitic 

carbon into hydrophilic 
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Figure 5 - 11 Raman spectra of nw-W4MoC 

carboxyl/epoxy radicals. We intuitively propose that the negative charged 

carboxyl/epoxy group may enhance the bonding to proton, and thus accelerate the 

diffusion of bound proton to the active site of Mo2C, indicated by the decreased Rct. 

This could explain the surprisingly increased performance. In a control experiment, we 

conducted the CV scans in a less positive potential window (0.26 to 0.46 V vs. RHE,  

in Figure 5-12), and the result shows a higher activity than pristine nw-W4MoC, but 

inferior to that treated in the potential window of 0.26 V to 0.61V vs. RHE. Further 
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examination by XPS (Figure 5-13) reveals a lower relative intensity of carboxyl/epoxy 

group to carbidic carbon compared to one shown in Figure 5-7d. This result attests that 

the activity does correlate with the amount of the hydrophilic carboxyl group. The 

track of Mo 3d and W 4f electron through the course of activation in different potential 

window shows that only undergoing higher oxidizing potential would lead to oxidation 

of Mo and W to high valence states (Figure 5-14), which appears inevitable for 

producing the hydrophilic carboxyl group. Higher than 0.61 V, e.g. 0.8 V vs. RHE 

would lead to severe oxidation of the carbides, resulting in decreased performance as 

shown in Figure 5-15.  

  

Figure 5 - 12 polarization curve by cyclic voltammetry at different potential 

window, (a) 0.26 V to 0.46 V vs. RHE; (b) 0.26 V to 0.61 V vs. RHE in 0.5 M 

H2SO4. 



Chapter 5 Synthesis and electrochemical activation of  

molybdenum tungsten carbide nanowires for efficient and stable hydrogen evolution  

 109 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 5 - 13 XPS of nw-W4Mo, C1s electron, after cyclic voltammetry 

activation from 0.26 V to 0.46 V vs. RHE in 0.5 M H2SO4 

Figure 5 - 14 XPS of nw-W4MoC activated from 0.26 V to 0.61 V vs. 

RHE: (a) Mo 3d; (c) W 4f; nw-W4MoC activated from 0.26 V to 0.46 V: (b) 

Mo 3d; (d) W 4f. 
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Stability of nw-W4MoC is evaluated by cyclic voltammetry scan between -0.2 and 

0.61 V vs. RHE, after which its polarization curves are recorded as shown in Figure 5-

16. In comparison, the two polarization curves nearly overlap in low current region, 

and a slight decay at high current region is observed. Chronoamperometric electrolysis 

 

 

 

 

 

 

 

 

 

also demonstrates a stable hydrogen evolution for ~ 20 h, indicating a good durability 

in acid. Moreover, we intentionally expose the freshly activated nw-W4MoC-electrode 

in air, and after 20 days, the polarization curve is taken in Figure 5-17. No severe 

performance deterioration was observed. This superior stability is ascribed to the 

carbon layer on the surface, which prevents further oxidation. 

 

 

  

Figure 5 - 15 polarization curve by cyclic voltammetry at different potential 

window, (a) 0.26 V to 0.61 V vs. RHE; (b) 0.26 V to 0.8 V vs. RHE in 0.5 M 

H2SO4. 
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Figure 5 - 17 polarization curve of freshly activated electrode 

and aged electrode 

 

Figure 5 - 16 stability test of nw-W4MoC in 0.5 H2SO4 with an inset graph 

showing chronoamperometric electrolysis 
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5.4. Conclusions 

A bimetallic carbide consisting of Mo2C and WC is realized in interwoven 

nanostructure. Nanosized Mo2C is integrated onto WC nanowire through hydrothermal 

method, followed by a carburization route. The activated nw-W4MoC featured in this 

interwoven structure is demonstrated as an outstanding catalyst to perform efficiently 

towards HER, in high current density at a fixed potential and high exchange current 

density, low onset potential and low charge transfer resistance. Emphasis is given on 

the modulation of surface property by CV techniques, which produces a hydrophilic 

interface between catalyst and electrolyte, and ensures this outstanding performance. 

It is demonstrated that by incorporating a highly conductive support, e.g. WC and a 

good catalyst e.g. Mo2C, excellent performance could be achieved. Besides, catalyst 

surface also plays an important role in heterogeneous catalytic reactions. New 

methodologies of quantifying the hydrophilicity is worthy to explore and needed in 

future, and it may guarantee improved performance. 
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Chapter 6 Molybdenum phosphide as an efficient 

electrocatalyst for hydrogen evolution reaction 

(This chapter is reproduced from P. Xiao, M. Alam Sk, L. Thia, et al., Molybdenum 

phosphide as an efficient electrocatalyst for hydrogen evolution reaction. Energy & 

Environmental Science, 2014. 7(8): p. 2624-2629. With the permission of The Royal 

Society Chmistry) 

6.1. Introduction 

Hydrogen production through electrochemical water-splitting has been extensively 

pursued as it could potentially achieve a sustainable fuel production and the electricity 

required could be obtained from renewable energy [2]. Noble metals, e.g. Pt, 

demonstrate exceptional behavior with nearly zero overpotential in acidic media [293, 

333, 334]. However, their high cost and scarcity impede their widespread usage and 

direct our attentions to earth-abundant metals or their compounds. Non-noble 

electrocatalysts can be categorized into two categories: (1) the derivatives of organic 

liganded metals (e.g. Ni, Mo, Fe), such as hydrogenases or metalloenzyme, the mimics 

of active site of hydrogenases [285, 335], molybdenum-oxo [335],  pyrene-

functionalized nickel complex [336]; (2) inorganic compounds of metals. MoS2 [148, 

151, 167, 174, 337], as a typical inorganic compound for hydrodesulfurization [338], 

was firstly discovered to possess biomimetic active sites as hydrogenases [125, 126]. 

Selenide [158, 159], nickel molybdenum nitride [287], carbide [190, 191, 193, 197], 

nickel phosphide [205, 212], and first-row of transitional metal dichalcogenides [320] 

are reported to be promising electrocatalysts towards hydrogen evolution reaction 

(HER). By comparison, those cost-effective catalysts as the potential substitutes for Pt 

are either functionalized by organic ligand, e.g. [NiFe]hydrogenase or inorganics e.g. 

MoS2, Ni2P,. In a typical ‘Volcano plot’ of hydrogen adsorption energy of common 

metals (M = Nb, Mo, Ni, Pt, Au, Ag etc.) [315, 339, 340], it is revealed that strong 
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metal-hydrogen (Mo, Ni etc.) bonds could impede hydrogen release from the active 

sites, compared to Pt group metals, e.g. Pd and Pt, which excludes those non-noble 

metals (e.g. Ni, Mo) as suitable candidates to catalyze hydrogen evolution reaction 

(HER). However, a subsequent study suggested that inorganic compounds of the non-

noble metals can modify the metal-hydrogen bond strength and achieve a Pt-

resembling Gibbs free energy for hydrogen evolution in acidic environment. The study 

of MoS2 and Ni2P has successfully underpinned this theoretical calculation[125, 198]. 

Inspired by this, herein, we report a molybdenum compound, MoP as a highly efficient 

catalyst for HER both in acidic and alkaline media. Molybdenum phosphide is 

synthesized though facile sintering of molybdenum and phosphorus precursor assisted 

by citric acid. Unlike MoS2 which shows very poor activity in bulk form, MoP still 

exhibits high electrocatalytic activity in bulk form. Furthermore, it was also 

experimentally demonstrated that going from metal Mo, Mo3P to MoP, different 

degrees of phosphorization results in distinct performances and different stability. 

Theoretically, we employed Density functional theory (DFT) calculation to elucidate 

underlying reasons behind the distinct performance by comparing the hydrogen 

chemisorption process and Gibbs free energy between Mo, Mo3P and MoP.  
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6.2. Experimental  

6.2.1 Materials synthesis and methods 

Ammonium molybdate tetrahydrate, ((NH4)6Mo7O24•4H2O, Sigma-Aldrich, 

Bioultra, >99.0%), Ammonium hydrogen phosphate ((NH4)2HPO4, Sigma-Aldrich, 

regent grade, ≥98.0%) and citric acid (C6H8O7, Sigma-Aldrich, ACS reagent, ≥99.5%) 

are used as received and no further purification experiments are conducted. In a typical 

procedure, Stoichiometric (NH4)6Mo7O24•4H2O and (NH4)2HPO4 (i.e. 1:1 for MoP and 

3:1 Mo3P in molar ratio) were dissolved in DI-water. Citric acid was added in a molar 

ratio of 2 (citric acid): 1 (Mo). After evaporation of water, the obtained brown slurry 

was dried, grinded and sintered at 500 ºC for 5 h to prepare the precursor of catalyst. 

Catalysts MoP, Mo3P can be synthesized in H2 at 650, in Ar at 800 ºC for 2 h, 

respectively. Note that the as-synthesized MoP and Mo3P should be deactivated in 2 

vol.% O2/Ar for 2 h, after which they could be handled in ambient air. Metal Mo is 

obtained by reducing commercial MoO3 by H2 at elevated temperature (850 ºC).  

6.2.2 Materials characterization 

Crystal structures of the as-synthesized Mo, Mo3P and MoP were examined by an X-

Ray diffraction (XRD) using a Cu Kα radiation source (Bruker, D2 Phaser). For 

Morphology, a field emission scanning electron microscope (FE-SEM, JEOL, 

JSM6701F, Japan) coupled with Energy dispersive X-ray spectroscope (EDS), 

transmission electron microscopy (TEM, Philips CM300) were employed. To probe 

the composition, X-ray photoelectron spectroscopy (XPS) experiments were 

performed on a VG Escalab 200i-XL spectrometer equipped with a monochromatic Al 

Kα (1486.6 eV) X-ray source.  

6.2.3 Electrode preparation and electrochemical measurements 

Polarization curves of the HER were collected by an Autolab PGSTAT302/FRA 

system (Eco Chemie, Netherland) in a three-electrode configuration at room 
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temperature, where Pt foil and Saturated Calomel Electrode (SCE) were used as the 

auxiliary electrode and the reference electrode, respectively. All the potentials were 

recorded with respect to the reversible hydrogen electrode (RHE). Catalyst ink was 

typically made by dispersing 7 mg of catalyst in 2 ml ethanol. After adding 0.5 ml of 

0.05 wt.% of Nafion solution (Gashub, Singapore) and ultrasonication, an aliquot of 5 

μL was pipetted onto the glassy carbon electrode (0.1963 cm
2
) to reach the catalyst 

loading of 0.86 mg cm
-2

. Current density was normalized to the geometrical area of the 

working electrode. Polarization data is collected at the scan rate of 2 mV/s on a 

rotation disk electrode under 2000 rpm. Especially, to circumvent the charge effect, the 

data for Tafel plot is collected under a staircase mode (with a step size of 5 mV). 

Electrochemical impedance spectroscopy (EIS) for the polarization of HER was 

carried out in a potentiostatic mode in the frequency range of 10
5
 Hz to 0.01 Hz under 

the amplitude of 10 mV. At different overpotentials (η=0 ~ 100 mV), EIS curves were 

recorded.  

6.2.4 Computational Methods and Models 

All the calculation were performed using density-functional theory (DFT) method as 

implemented in a Vienna ab initio simulation package (VASP) [341-343] by using 

generalized gradient approximation Perdew-Burke-Eznerhof (GGA-PBE) method 

[344]. Projector augmented wave method (PAW) [345, 346] was used to describe the 

interaction between the atomic cores and electrons. Based on experimental data for 

bulk Mo (a = b = c = 3.147 Å, space group: Im-3m) and MoP ( a = b = 3.231 Å, c = 

3.207 Å, γ = 120° and space group: P-6m2), we optimized all the structural parameters 

of bulk Mo amd MoP by using 5 x 5 x 5 Monkhorst-Pack k-point and an energy cut-

off of 400 eV until the forces acting on each atom become less than 0.01 eV/Ǻ. The 

calculated lattice parameters of Mo (a = b = c = 3.152 Å) and MoP (a = b = 3.229 Å 
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and c = 3.209 Å) are in good agreement with experimental data. We adopted a 

catalytic model that is similar to a previous report [125] for Mo and MoP. The surfaces 

of Mo (110) and MoP (001) are chosen for the consideration of the dominating planes 

based on experimental observation. The 2 × 2 (110) Mo and (001) MoP surfaces were 

constructed by cleaving optimized bulk Mo and MoP in a six-atom-layer-thick slab. A 

5 × 5 × 1 Monkhorst-Pack k-point was employed accordingly. Since the cleaving of 

MoP will result in two different (001) surfaces, one with Mo as top surface (Mo-

terminated) and other with P as top surface (P-terminated), we considered both the 

surfaces for the calculation.  

6.2.4.1 Adsorption of H atom(s) on (110)-Mo and (001)-MoP surfaces 

The differential adsorption energy of H adsorption is chosen to describe the stability of 

hydrogen according to the literature [125] and the equation is given below: 

ΔEH = E(MoP + nH) – E(MoP + (n-1) H) – 1/2 E(H2)                (1) 

Where E(MoP  + nH) is the total energy of MoP with the n hydrogen atoms 

adsorbed on surface, E(MoP + (n-1)H) is the total energy of MoP with (n-1) hydrogen 

atoms adsorbed on surface  and E(H2) is the total energy of hydrogen molecule in gas 

phase. The equation (1) gives the binding energy of single H atom adsorption when n 

is equal to (1). The calculated binding energy of single H atom on (110)-Mo and 

(001)-MoP, Mo terminated surface is listed in Table 6-1. The data shows that the 3-

coordinated hollow site is preferable for H adsorption on (110)-Mo. 
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Table 6 - 1 Calculated binding energy (eV) of single H atom on (110)-Mo and 

(001)-MoP surfaces 

Binding site 

Binding energy (eV) 

(110)-Mo (001) MoP, Mo terminated 

Top -0.01 -0.11 

Bridge -0.63 -
b 

Hollow (H1)
a 

-0.77 -0.87 

Hollow (H2)
a 

-0.77 -0.64 

 

 

 

 

 

 

 

 

 

For adsorption of H atom on (001)-MoP, Mo terminated surface we also consider top 

(T), bridge (B) and 3-coordinated hollow (see Figure 6-1a). The surface of (001)-MoP, 

Mo terminated surface has two hollow sites H1 and H2 (for definition see Figure 6-1b). 

The results show that H1 site is favorable for H adsorption. In contrast, for (001)-MoP, 

P terminated surface, the favorable binding site is the top side (see Figure 6-2).  

  

a
 For definition see Figure 6-1, for (110)-Mo both the H1 and H2 site are same. 

b
 

The adsorption on bridge site is unstable and the H atom moves to hollow site 

 

Figure 6 - 1 Top view of (a) (110)-Mo and (b) (001)-MoP, Mo terminated 

surfaces; It shows the binding sites for H adsorption (only the first two 

atomic layers are shown. Mo – cyan sphere, P – magenta sphere). 
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Based on the results of single H atom adsorption on the surface, we select the hollow 

site for adsorption of the second and more H atoms on (110)-Mo and (001)-MoP, Mo 

terminated surfaces while the top sites is chosen for (001)-MoP, P terminated surface.  

  

Figure 6 - 2 Top view of H adsorbed (110)-Mo, (001)-MoP, Mo and P 

terminated surfaces. Only first two atomic layers are shown. 
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The calculated differential binding energy of H atom on (110)-Mo, (001)-MoP, Mo 

terminated and (001)-MoP, P terminated surfaces is listed in Table 6-2. Since top 

surface of our surface models has four Mo or P atoms, adsorption of one, two, three 

and four H atom is considered as 1/4, 2/4, 3/4 and 4/4 monolayer (ML) coverage, 

respectively. 

Table 6 - 2 Calculated binding energy and Gibbs free energy of H adsorption 

on (110) Mo and (001) MoP, Mo and P terminated surfaces 

H 

Coverage 

(110)-Mo 
(001) MoP, Mo 

terminated 

(001) MoP, P 

terminated 

ΔEH 

(eV) 
ΔG°H (eV) ΔEH (eV) 

ΔG°H 

(eV) 
ΔEH (eV) 

ΔG°H 

(eV) 

1/4 ML -0.77 -0.53 -0.87 -0.63 -0.64 -0.36 

2/4 ML -0.71 -0.47 -0.84 -0.60 -0.29 -0.03 

3/4 ML -0.70 -0.46 -0.82 -0.59 0.08 0.34 

4/4 ML - - - - 0.28 0.54 

6.2.4.2 Catalytic activity of Mo and MoP 

To compare the catalytic activity of Mo and MoP, we calculated the Gibbs free energy 

of hydrogen adsorption following the equation below: 

 ΔG°H = ΔEH + ΔEZPE - T ΔSH  ……………………………………  (2) 

Where ΔEZPE is the difference in zero point energy between the adsorbed state and 

the gas phase, ΔSH is the entropy difference between the adsorbed state and the gas 

phase. The gas phase entropy of H is taken from ref. [347]. The calculated ΔG°H 

values for H adsorption on (110)-Mo, (001)-MoP, Mo and P terminated surfaces are 

listed in Table 6-2. It will be a good catalyst for hydrogen evolution if the free energy 

of adsorbed H is close to that of the reactant or product (i.e., ΔG°H  0). 
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6.3. Results and Discussion 

 Mo3P and MoP were synthesized at 800 °C and 650 °C respectively via  a two-step 

sintering method (Experimental section, supporting information), whilst metal Mo was 

obtained by reducing MoO3 in H2 at 850 °C. Their corresponding XRD patterns are 

shown in Figure 6-3. The peaks are well indexed to the standard XRD profiles and no  

 

 

 

 

 

 

 

 

 

 

major impurities are detected. Metal Mo, in a cubic pack (ICSD code: 643962) belongs 

to Im-3m (229). After incorporation phosphorus to form Mo3P, it evolves to tetragonal 

structure. Its XRD pattern confirms its I-42m (121) in space group in Figure 6-3b, with 

Mo atom in either 2 or 4-coordinated by P atoms. Further phosphorization leads to 

MoP, in hexagonal structure (P-6m2), with Mo 6-coordinated by P atoms, as shown in 

Figure 6-3c. A more visualized structure change is presented in Figure 6-4.  

Field-emission scanning electron microscopy (FE-SEM) and Transmission electron 

microscopy (TEM) were applied to examine its morphology. FE-SEM graphs in  

  

Figure 6 - 3 XRD patterns of (a) Mo; (b) Mo3P; (c) MoP. 
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Figure 6-5a show that the as-synthesized MoP and Mo3P (Figure 6-6) are in bulk form 

due to the calcination at high temperature. High-resolution TEM (HR-TEM) graph 

exhibits a well-arrayed (001) plane of MoP with the plane distance of 0.32 nm (Figure 

6-5b), which is correlated with the peak at 28° by XRD characterization. Energy 

dispersive X-ray spectroscopy (EDS) results confirm the compositions of MoP and 

Mo3P (Figure 6-7), which is quite consistent with the chemical formulas, 1:1 and 3:1 

for MoP, Mo3P respectively. To elucidate the valence states of individual elements of  

  

Figure 6 - 4 schematic graph to show the structural evolution upon 

phosphorization 

 

Figure 6 - 5 Morphology of MoP (a) FE-SEM and (b) TEM graph. 
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MoP, X-ray photoelectron spectroscopy (XPS) experiments were conducted. Figure 6-

8a and 6-8b show the XPS profile of Mo 3d and P 2p of the as-synthesized MoP. 

Deconvolution of the spectra indicates two doublets at 235.28 eV/232.08 eV (Mo
+6

 

3d3/2/3d5/2) and 231.9 eV/228.8 eV (Mo
+4

 3d3/2/3d5/2) in Figure 6-8a, which can be 

assigned to high oxidation state of Mo (MoO3 and MoO2) [328, 329]. We believe that 

the oxidation only happens on the surface. To validate our hypothesis, we characterize 

the aged MoP (Figure 6-9) by XRD, which still manifests the well-crystallized MoP 

and does not indicate any discernible peaks of the oxides, implying a mere surface 

  

Figure 6 - 6 bulk Mo3P materials synthesized at 800 °C under Ar 

Figure 6 - 7 EDS of as-synthesized (a) MoP and (b) Mo3P. The calculated 

atomic ratios of Mo: P from EDS are 0.645/0.657 and 0.69/0.21. 
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Figure 6 - 8 X-ray photoelectron spectra (XPS) of the as-synthesized MoP (a) 

Mo 3d and (b) P 2p; aged MoP (c) Mo 3d and (d) P 2p.  

Figure 6 - 9 XRD pattern of aged MoP 
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oxidation (less than 10 nm) that could only be detected by XPS. The rest of the XPS 

profile depicted in green (Figure 6-8a) is ascribed to MoP, represented by a 231.2 

eV/228.0 eV doublet, which agrees well with previous report [200, 348].  The profile 

of P 2p also exhibits a peak with high binding energy (peak 1 in Figure 6-8b) which 

could be attributed to PO4
3-

 or P2O5 [200] caused by oxidation. To identify the rest 

peaks for MoP, we further compared the XPS profile of the as-prepared MoP sample 

after test with the aged sample. As shown in Figure 6-8d, P 2p profile of the aged 

sample does not display the low-binding-energy peaks as we can observe in Figure 6-

8b. On the contrary, it manifests even stronger peaks in the low-binding-energy region 

for the sample after test (Figure 6-10). Considering the above, we assign the doublet 

(130.1/129.2 eV for peak 2/peak 3) to low valence of P, MoP in this case. 

 

 

 

 

 

In a three-electrode configuration, the catalytic activity towards HER was investigated 

in acid and alkaline media. Figure 6-11 shows the performance of Mo, Mo3P and MoP 

in acidic medium; Pt/C was also tested as a comparison.  Polarization curve and Tafel 

slope ~ 30 mV dec
-1

 of Pt/C presented in Figure 6-11a and 6-11b show consistency 

with previous studies [134]. Drop-casted on glassy carbon electrode (which exhibits  

 

  

Figure 6 - 10 MoP after electrochemical test (c) Mo 3 d and (d) P 2p 
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negligible activity towards HER), to achieve the current density of 10 mA cm
-2

, metal 

Mo requires the potential up to 0.5 V vs. RHE with the onset potential ~ 0.3 V vs. RHE, 

and Mo3P is found to perform similarly as shown by the green line, indicating that 

metal Mo itself is not a good catalyst for HER and its phosphide Mo3P is not suitable 

for HER either. In contrast, MoP shows a rather high performance in 0.5 M H2SO4. 

The onset of hydrogen evolution reaction can be observed at around 50 mV vs. RHE 

and the current density reaches 30 mA cm
-2

 at the potential of 0.18 V vs. RHE. To 

clarify these differences in performance, in the perspective of elementary step, i.e. 

hydrogen chemisorption, we use Gibbs free energy (ΔG°H) as the descriptor to assess 

the binding strength of catalysts to H (e.g. Mo and MoP) and evaluate the catalysts 

Figure 6 - 11 (a) Polarization curves of Mo, Mo3P and MoP in 0.5 M H2SO4, 

scan rate: 2 mV s-1; (b) Tafel plots in 0.5 M H2SO4; Electrochemical 

impedance spectra of MoP: (c) in 0.5 M H2SO4 and (d) in 1 M KOH. 
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(detailed DFT calculation can be found experimental section 6.2.4). Metal Mo exhibits 

a strong binding to H, indicated by highly negative binding energy (ΔEH ) in Table 6-1 

when H coverage reaches 1/4 monolayer (ML, one hydrogen adsorbed on  2 × 2 slab). 

This agrees well with previous report [125]. Calculation of Mo terminated surface on 

(001)-MoP also shows a similar or even stronger binding to H which excludes Mo as 

the active site. Nevertheless, the investigation of P sites implies that P has played a 

crucial role by acting as a ‘hydrogen deliverer’. As shown in the Table S2, ΔG°H 

changes from -0.36 eV to 0.54 eV when H coverage increases from 1/4 ML to full 

coverage, indicating that P could bond hydrogen at low coverage whilst desorb H at 

high coverage. This enables P to behave like a ‘hydrogen deliverer’, resembling the S-

edges in MoS2 [173].  Interestingly, when we applied the same method to calculate the 

binding energy of H on (001) of Mo3P, where a four-P-site slab is chosen, the binding 

energy ΔEH becomes positive (Table 6-3) with the initial two H adsorbed, indicating 

unfavorable binding of H on P site of Mo3P. This is in accordance with experimental 

results. 

Table 6 - 3 Calculated binding energy and Gibbs free energy of H adsorption 

on (001) Mo3P, P terminated. 

H Coverage ΔEH (eV) 

1/4 ML 0.20 

2/4 ML 0.14 
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As show in Table 6-3 and the model below, where the top view of H adsorbed (001)-

Mo3P surface (only first two atomic layers are shown), and similar to MoP, the 

cleaving of Mo3P will result in two different (001) surfaces, one with Mo as top 

surface (Mo-terminated) and other with P as top surface (P-terminated). As the (001) 

MoP, P-terminated surface is identified as the active sites for adsorption/desorption of 

H, we studied the H adsorption on (001) Mo3P, P-terminated surface. The calculated 

binding energy of first and second H atom on (001) Mo3P, P-terminated surface is 0.20 

and 0.14 eV, respectively (see Table 6-3). The results indicate that the H adsorption on 

(001) Mo3P, P-terminated surface is unfavorable, not rendering Mo3P as a potential 

catalyst for HER. 

After electrochemical testing, the catalyst composition was again examined by XPS. 

Compared to the as-synthesized MoP, XPS profile of the post-testing catalysts displays 

a similar profile to Mo 3d and P 2p shown in Figure 6-10 except for the decreased 

content of MoO3 and MoO2. Previous study of Mo2C by Hu et al. [190] has proved 

that MoO3 and MoO2 are not efficient catalysts, which further suggests the high 

performance could be attributed to MoP.  

Tafel plots of Potential V- Log|j(current density)| could be interpreted by Volmer-Tafel 

or Heyrovsky mechanism in the classical two-electron-reaction model for cathodic 

HER [191]. The Tafel slope of 92 mV dec
-1

 (Figure 6-11b) for metal Mo suggests a 

typical Volmer-Tafel route with Volmer step as the rate-determining step. After 

phosphorization, it exhibits 147 mV dec
-1

 and 54 mV dec
-1

 for Mo3P and MoP 

respectively. Here, the Tafel slope of 54 mV dec
-1

 implies that hydrogen evolution on 

MoP undergoes a Heyrovsky mechanism which is still different from the route those 

noble metals, e.g. Pt, are subjected to. Based on the Langmuir Isotherm model [330], a 

fast discharging reaction (Volmer reaction) rate under low coverage (< 0.1) of 
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adsorbed hydrogen (Had) leads to ~ 30 mV dec
-1

 and the Tafel slope of 54 mV dec
-1

 is 

most possibly caused by large coverage of Had (> 0.6). The large coverage of H is also 

rendered by theoretical calculation that zero ΔG°H could be achieved at a certain 

coverage of H on P site from 2/4 ML to 3/4 ML. In comparison with metal Mo, we can 

conclude that a simple phosphorization could completely change the reaction route. By 

extrapolating the Tafel plot to overpotential of 0 V, the exchange current density can 

be extracted (Table 6-4). It is found that MoP exhibits a value of 3.4 ×10
-2

 mA cm
-2

, ~ 

70 times higher than that of metal Mo (4.9 × 10
-4

 mA cm
-2

) and also outperforms 

MoS2  that has been reported as a promising catalyst for HER [149, 158]. As a non-  

 

 
b 

(mV dec
-1

)
 
 

jo 

(mA cm
-2

) 

Mo 92 4.9 × 10
-4

 

Mo3P 147 -- 

MoP in 0.5 M H2SO4 54 3.4 × 10
-2

 

MoP in 1 M KOH 48 4.6 × 10
-2

 

Pt/C 33 0.63 

 

noble catalyst in bulk form,  MoP has achieved comparably competitive performance 

as Ni2P [205], and is even superior to MoB, Mo2C [190], Mo2C/CNT [191] at a similar 

loading for HER in acidic medium.  

Few catalysts can exhibit good activity and stability under both acidic and alkaline 

conditions. e.g. Ni2P was found to deteriorate rapidly in alkaline medium [205]. Herein 

we further examined the activity of MoP in both acidic and alkaline conditions using 

electrochemical impedance spectroscopy (EIS) technique. Bode plots of MoP (Figure 

6-12) suggest a one-time-constant process in both acidic and alkaline media and 

Nyquist plots show a depressed arc intercepted by x-axis in Figure 6-11c and 6-11d. 

The high-frequency intersection with x-axis represents ohmic resistance, mainly 

Table 6 - 4 Tafel slope b and exchange current density jo 
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arising from the electrolyte and all contact resistances. To decouple the ohmic  

 

 

 

Table 6 - 5 Fitting data of EIS of MoP in 0.5 M H2SO4 and 1 M KOH 

 Rs (Ω) Rct (Ω) 
CPE 

Q (10
-2

S s
n
) n 

0.5 M H2SO4 

η = 50 mV 
5.2 423.0 1.66 0.89 

0.5 M H2SO4 

η = 100 mV 
6.0 40.0 1.31 0.86 

1 M KOH 

η = 50 mV 
5.4 195.0 0.80 0.89 

1 M KOH 

η = 100 mV 
5.1 30.9 0.90 0.78 

resistance from polarization resistance, we applied a model of an ohmic resistance (Rs) 

in series with a module, where a polarization resistance (Rct) is in parallel with a  

  

Figure 6 - 12 Bode plot of MoP: (a) in 0.5 M H2SO4; (b) 1 M KOH 
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constant phase element (CPE). As summarized in Table 6-5, MoP performs slightly 

better in alkaline medium than in acidic medium, indicated by smaller Rct at the 

overpotential of 50 mV and 100 mV. Polarization curve in Figure 6-13a agrees with 

the EIS results. At low current density, MoP in alkaline medium outperforms that in 

acidic medium, and exhibits nearly overlapped polarization curve at high-current 

region, suggesting a good performance in alkaline medium.  

Durability is a key factor in evaluating catalyst performance. Long-term stability is 

investigated both in 1 M KOH and 0.5 M H2SO4. Unfortunately, slow corrosion 

happens in 1M KOH as shown in an amperometric plot (Figure 6-13b) and the 

performance degrades to ca. 60% of its initial value in 40 h (Figure 6-13a). However, 

chronoamperometric electrolysis evidences excellent stability of MoP in 0.5 M H2SO4 

at applied potential of 0.14 mV vs. RHE in Figure 6-13b, and no performance 

degradation was observed after electrolysis for more than 40 h. Polarization curve after 

electrolysis shows slightly enhanced performance at the region of low current density, 

which could be ascribed to surface activation in cathodic polarization. In contrast, Mo 

and Mo3P suffer from severe performance degradation under both acidic and alkaline 

Figure 6 - 13 (a) polarization curve before and after durability test, scan rate: 2 

mV s-1; (b) chronoamperometric electrolysis; 
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media. Inspection of morphology after stability test shows no difference compared to 

the one before test (Figure 6-14) in a panoramic view. 

 

Figure 6 - 14 SEM graphs for before/after stability test 

Mo is widely known as a chemically unstable metal in acidic media, and with 

insufficient phosphorization, the degradation of current density was observed even in 

the second scan of polarization curve of Mo3P (not shown), implying that the corrosion 

occurs. Stability is commonly correlated with its structure. As shown in Figure 6-4, 

Mo atom is 6-coordinated by P atom in MoP in contrast to 2 or 4 P-atoms bonded in 

Mo3P, which could probably be related to the stability in acidic or alkaline media, and 

suggest the significance of phosphorization. 
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6.4. Conclusions 

Distinct performance was observed from traditional metal Mo phosphide compound.  

Our results show catalysts having a higher degree of phosphorization as in MoP results 

in better performance compared to lower degree of phosphorization or lack thereof as 

in Mo3P and Mo respectively. Performance in this case is determined based on 

polarization, Tafel analysis in the low-current region, stability test by 

chronoamperometric electrolysis.  

DFT calculation verified that the active site should be ascribed to P atoms, which 

achieves nearly zero Gibbs free energy. The results entitle P atom the role analogous to 

S atom in MoS2, which is responsible to create numbers of edges for HER [126]. In 

summary, we have demonstrated that facile phosphorization can transform metal Mo, a 

poor catalyst, to MoP, an active and stable catalyst for HER. Similar to organic-ligand-

functionalized metal, e.g. nickel complex [336], molybdenum-oxo [335], this strategy 

could be easily extended to other earth-abundant and inexpensive metals (e.g. Ni, Fe 

etc.).  
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Chapter 7 Conclusions and Perspectives 

For hydrogen oxidation, we have verified the possibility of using SrMoO3 as the 

electrical conductor to replace Ni, for the consideration of improving the sinterability, 

redox stability. As a potential candidate of anode for SOFC, the chemical 

compatibility of SrMoO3 with YSZ, GDC has been examined, and demonstrated to be 

chemically compatible with them. Based on the composite backbone for anode, i.e. 

SrMoO3–YSZ, SrMoO3–GDC, catalytic activities are enhanced by wet-chemically 

infiltrating nano-sized GDC particles on SrMoO3–YSZ and calcium doping to 

substitute for Sr in SrMoO3–GDC. Improved performance is observed in both cases, 

which can be ascribed to the nano-sized GDC particles and ex-solved Mo particles as 

the catalysts, respectively. Overall, SrMoO3 is a good anode material for SOFC with 

the attributes of being an excellent electrical conductor, in good compatibility with 

YSZ and GDC, achieving good redox stability. But SrMoO3 lacks catalytic activity 

towards hydrogen oxidation. Metals ex-solution out of the host materials as the 

catalyst can be a good compensation if metal ex-solution can be realized in doped 

SrMoO3. In our work, calcium substituted SrMoO3 has been demonstrated as a redox 

stable anode materials, with reversible metal Mo ex-solution/dissoluion out of/in its 

host material, which results in improved performance. Activity is expected to be 

further enhanced if more active metal, e.g. Ni/Co/Ru/Pd, can be doped into SrMoO3 

with reversible ex-solution of metals in an individual or alloyed/hybrid form. Future 

work is warranted to examine the incorporation of these highly active metals, 

involving the investigation of ex-solving rate, and doping quantity. More importantly, 

redox stability is so critical that it needs to be confirmed. Through exploration of new 

synthetic routes, deliberate selection of the dopants with matched ionic size, we are 
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anticipating that Ni/Co/Ru/Pd doped SrMoO3 not only keeps all the properties thereof, 

but also strengthens the catalytic activities for hydrogen oxidation.  

 

For hydrogen production, literature review and our work have highlighted MoS2, 

Mo2C and phosphides as the earth-abundant non-noble catalysts. Among them, Mo2C 

and phosphides seem to have exhibited advantageous performance over Mo2S because 

of their intrinsic high conductivity. Besides, MoP and Mo2C are found to be very 

active towards HER even in its bulk phase. This gives promise that nanostructured 

carbide/phosphides could render higher performance, which has been verified by our 

work – catalysing HER by porous Mo2C and Mo2C/WC nanowire. For phosphides, we 

have highlighted the significance of phosphorization by comparing the activity of Mo, 

Mo3P and MoP – only the 6 coordinated Mo by P, i.e. MoP, gives a stable, high 

performance in catalysing HER. However, our synthetic route of MoP still results in 

bulk forms due to the sintering at 650 ºC, which might underscore the performance of 

MoP. New synthetic routes have been explored for the realization of nanostructured 

phosphides, for example phosphorization can be realized below 350 ºC via phosphite 

decomposition. Various nanostructures of nickel/cobalt phosphides are successfully 

synthesized, achieving excellent performance in acid. Its application to MoP needs to 

be confirmed in future work. High performance always compromises the stability. 

Here, highly active carbide and phosphides towards HER originates from the active 

sites – the highly active surface. Surface oxidation of carbide and phosphides happen 

when exposed to air, and inevitably diminish the active sites, e.g. PO4
3-

 for P oxidation 

in MoP on the surface. The strategy of preparation of carbide and phosphide with 

highly active surface and suppression of the surface oxidation will be the central focus 

in future work, and is crucial for the advancement of earth-abundant non-noble 

catalysts to deliver hydrogen in a high efficient, more reliable way. 
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