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Abstract of the Dissertation 

Investigations of Non-noble Metal Based Oxynitrides and Nitrides as Electrocatalysts for 

Oxygen Reduction Reaction and Hydrogen Evolution Reaction 

by 

Bingfei Cao 

Doctor of Philosophy 

in 

Chemistry 

Stony Brook University 

2014 

Hydrogen fuel cells are expected to be a key energy conversion technology in the future 

due to their high efficiency. However, traditional Pt electrocatalysts used in fuel cells are limited 

in both their cost and availability. It is therefore desirable to develop non-noble metal cathode 

catalysts as alternatives for the oxygen reduction reaction (ORR) of fuel cells. In this study, 

binary and ternary molybdenum oxynitrides and nitrides have been designed as electrocatalysts 

for ORR in fuel cells.  

Ammonia-treated carbon-supported cobalt molybdenum oxynitrides (CoxMo1-xOyNz/C) 

with rock salt structure have been investigated. These oxynitrides show moderate activity in 

acidic electrolyte and excellent activity in alkaline electrolyte. It is found that synthesis 

temperature and composition impact the catalytic activity. Co0.50Mo0.50OyNz/C treated at 823 K 

exhibits the highest ORR activity in both electrolytes. This oxynitride demonstrates reasonable 

stability during long-term operation in either medium. X-ray diffraction (XRD), X-ray absorption 

spectroscopy (XAS) and transmission electron microscopy (TEM) studies indicate that ionic 
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cobalt is doped into the rock salt structure, though some metallic cobalt is also produced as a 

byproduct during the ammonolysis. The formation of bimetallic cobalt molybdenum oxynitride 

is responsible for the ORR activity.  

The ORR activities of binary molybdenum nitrides with two different crystal structures 

illustrate that hexagonal molybdenum nitrides (δ-MoN and Mo5N6) exhibit enhanced activity 

over Mo2N with the rock salt type cubic structure. In order to further enhance the activity, 

bimetallic Co0.6Mo1.4N2 was synthesized via a two-step solid state reaction. This hexagonal 

ternary nitride contains four-layered stacking sequence with alternating layers of transition 

metals in octahedral and trigonal prismatic coordination. The octahedral sites contain a mixture 

of divalent Co and trivalent Mo, while the trigonal prismatic sites contain Mo with a higher 

oxidation state. Co0.6Mo1.4N2 shows a better ORR activity than δ-MoN. In addition, Co0.6Mo1.4N2 

is demonstrated to be a highly active and stable electrocatalyst for hydrogen evolution reaction 

(HER) in acid solution.  
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Chapter 1. Introductions 

1.1 Fundamentals of Fuel Cells 

Fossil fuels currently represent the major energy resource for worldwide consumption. 

However, fossil fuel is non-renewable and its supplies are not easily accessible. It is critical and 

important to reduce the use of oil and migrate alternative clean and sustainable energy sources. 

Fossil fuels have been extensively used to power automobiles. A transition from combustion 

engine powered automobiles to electric vehicles is an important step to sustain the current living 

standard.
[1-3]

 A pure electric vehicle requires a good energy storage and conversion ability. 

Renewable technologies for energy storage and conversion, such as lithium batteries and fuel 

cells, have been developed rapidly in recent years.
[3-5]

 Although lithium ion batteries have been 

intensively studied, the maximum specific energy density of current Li ion battery is limited to 

about 150 Wh/kg which severely limits the driving range of electric vehicles.
[3]

 Hydrogen fuel 

cells have high theoretical energy density and are the most promising candidate to replace 

internal combustion engines in vehicles. Hydrogen fuel cells can be highly efficient since they 

involve electrochemical reactions rather than combustion. Hence, it is important to develop fuel 

cell powered automobiles for future applications.  

Both batteries and fuel cells are devices that convert chemical energy to electrical energy 

via redox reactions. The major difference between battery and fuel cell is the compartment to 

store and convert energy. Typical lithium ion batteries have a closed structure, with the anode 

and cathode being active materials in the redox reaction. Energy storage and conversion occur in 

the same locations in the battery. In contrast, fuel cell has an open structure, with the anode and 

cathode only being the charge transfer media. The typical active materials of H2 and O2 are 

provided from the outside of the cell. The separation of energy storage and conversion aids the 
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high theoretical energy density of fuel cells. The high energy conversion efficiency and low 

environmental impact of fuel cells make them advantageous to replace combustion engines with 

fuel cells in the future.  

1.1.1 Thermodynamics and Kinetics of Fuel Cells 

All fuel cells have similar basic components and working principles. Fuel cells contain an 

anode, a cathode and an electrolyte which separates the two electrodes. Reactions at the anode 

usually take place at lower potentials than that at the cathode. The fuel (such as H2 or methanol) 

is oxidized at the anode while the oxidant (O2 or air) is reduced at the cathode. Electrons 

produced at the anode are transferred to the cathode through the external circuit. The redox 

reactions in fuel cells are spontaneous reactions. With the help of electrocatalysts, the chemical 

energy is converted into electrical energy in the form of an electric current. The electrochemical 

reactions follow the thermodynamic and kinetic rules of chemical reactions. The change in Gibbs 

free energy (ΔG) is equal to the negative of the electrochemical work (We) in a fuel cell.
[6] 

ΔG = -We = -neFE     (1.1) 

where ne is the number of electrical charges transferred in the reaction (electron or proton), F is 

the charge carried by a mole of electrons (Faraday constant, 96485 A s/mol),  E is the potential 

difference between the electrodes.  

For a cell reaction occurring at constant temperature and pressure: 

aA + bB → mM + nN     (1.2) 

The change in the Gibbs energy can be expressed as: 

            
        

        
     (1.3) 
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where ΔG° is the standard Gibbs free energy, [A], [B], [M] and [N] is the concentration of 

species A, B, M and N. By substituting Equation (1.3) onto (1.1), the Nerst equation (1.4) is 

obtained: 

      
  

   
  

        

        
     (1.4) 

In a hydrogen fuel cell, the net reaction is  

H2 + ½ O2 → H2O     (1.5) 

Two electrons are transferred in the reaction, so ne = 2. Equation (1.4) can be written as  

      
  

  
  

    

      
        (1.6) 

When the reaction reaches its equilibrium, the ideal potential E° equals 1.23 V with liquid 

water product. From equation (1.6), diluting reactant gases will lower the fuel cell voltage. For 

example, if air is used as the reactant, the mole fraction of oxygen gives a smaller cell potential 

than 1.23 V.
[7] 

Thermodynamics describes the reaction at the equilibrium. The redox reaction in fuel cell 

occurs at the interface of the electrode and electrolyte. The electrical charge must overcome an 

activation energy barrier to move across the interface. The energy barrier determines the rate of 

the reaction. The kinetics of the electrochemical reaction can be understood based on the 

transition state theory.
[7]

  For a redox reaction  

Red ↔ Ox + ne
-
     (1.7) 

The rate of the charge-transfer-controlled reaction above can be described by the Butler-

Volmer equation as  

         
        

  
       

     

  
       (1.8) 
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where j0 is the exchange current density, j0 = k0nFC (k0 is the reaction rate constant, C is the 

concentration of reactants), n is the number of electrons involved in the reaction, η is the 

overpotential beyond the equilibrium potential (η = E – Eeq), and α is the transfer coefficient, 

which can be considered as the fraction of the change of overpotential that leads to a change in 

the rate constant for charge-transfer reaction.
[4,7]

 When the overpotential is positive, the oxidation 

component is large and the reduction component is small. The net current density is positive 

meaning the oxidation reaction (forward reaction in Equation 1.7) is favorable. When the 

overpotential is negative, the reduction reaction takes place. The exchange current density is 

defined as the current that flows equally in both directions at equilibrium. When the reaction is 

on equilibrium, the net current density and overpotential are zero. The exchange current density 

is directly related to the kinetic terms. Therefore, it can be used to compare different catalysts. 

Generally, catalysts with a larger j0 have a smaller activation energy which is the origin of the 

faster rate.  

For large overpotentials (│η│>> RT/nF), the Tafel equation can be derived as follows 

         
        

  
       anode (1.9) 

           
     

  
       cathode(1.10) 

In a Tafel plot, log│j│versus overpotential (η) has a linear relationship. The slope is (1-

α)nF/RT for anodic reaction and αnF/RT for cathodic reactions. The exchange current density, j0, 

can be calculated from the intercept of y-axis .  

1.1.2 Performance of Fuel Cells 

Besides the activation polarization, other factors influencing the performance of fuel cells 

include Ohmic polarization and concentration polarization (Figure 1.1). Ohmic polarization 
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arises from the resistance of electrode materials and electrolyte. According to the Ohm’s Law, the 

relationship between current and overpotential is linear. The larger the resistance, the faster the 

drop of the voltage with increasing current density.  As the redox reactions proceed, the active 

sites at the electrode-electrolyte interface are occupied by reactant species. The concentration 

difference between bulk electrolyte and electrode surface results in the concentration 

polarization. The voltage loss is due to active species not being able to reach the active site and 

to replace the reacted materials to sustain the reaction. At low currents, the performance of the 

fuel cell is dominated by kinetic losses of cathodic and anodic reactions. The buidup and decay 

of kinetic polarization is fast.
[4]

 At intermediate currents, the ohmic losses are dominant. At high 

currents, limiting mass transport becomes important. The diffusion limitations are relatively 

slow. 

 

Figure 1.1 Typical polarization curve of a fuel cell, showing the influence of various types of 

polarization: (i) kinetic polarization; (ii) ohmic polarization; (iii) concentration polarization.
 

In order to improve the power efficiency, it is important to minimize the overall 

overpotential. One main factor controlling the activation overpotential is exchange current 

density j0. Electrocatalyst with a large j0 gives a higher onset cell potential and a lower 
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overpotential. The magnitude of j0 can be increased by loading more electrocatalyst within the 

economic limitation. Ohmic losses can be minimized by enhancing the electric conductivity of 

the electrode materials, the ionic conductivity of electrolyte and the contact between catalyst 

layer and electrode surface. Porous electrodes are typically used in fuel cells to increase their 

surface area and enhance their efficiency.  

1.1.3 Classification of Fuel Cells 

Fuel cells are classified into six types according to their different types of electrolyte 

(Table1.1).
[4,7,8]

 Alkaline fuel cells (AFC), proton exchange membrane fuel cells (PEMFC), 

direct methanol fuel cells (DMFC) and phosphoric acid fuel cells (PAFC) are operated at low 

temperatures. Molten carbonate fuel cells (MCFC) and solid oxide fuel cells (SOFC) are 

operated at relatively high temperatures.  

Table 1.1 Classes of fuel cell systems.
[4,7,8]

 

 AFC PEMFC DMFC PAFC MCFC SOFC 

Operating 

temp. (°C) 

60-150 60-90 60-90 180-220 650-700 800-1000 

Electrolyte aqueous 

KOH 

ion 

exchange 

membrane 

ion 

exchange 

membrane 

H3PO4 molten 

Li2CO3  

yttria-

stabilized 

zirconia  

Charge 

carrier 

OH
- 

H
+ 

H
+ 

H
+ 

CO3
2- 

O
2- 

Fuel H2 H2 CH3OH  H2 H2  gasoline  

Cathode 

reaction 

O2 + 2H2O 

+ 4e 
-
→ 

4OH
-
 

O2 + 4H
+ 

+ 

4e 
-
→ 

2H2O 

O2 + 4H
+ 

+ 

4e 
-
→ 

2H2O 

O2 + 4H
+ 

+ 

4e 
-
→ 

2H2O 

O2 + 2CO2
 

+ 4e 
-
→     

2CO3
2-

 

O2 + 4e 
-
→ 

2O
2- 

 

One major advantage of high temperature fuel cell is that non-precious materials can be 

employed as electrode catalysts since the high operating temperature makes the reaction kinetics 
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faster. The overall efficiency for MCFC and SOFC can reach up to about 85%. In order to sustain 

the high operating temperature, the electrolytes of these fuel cells are immobilized liquids 

(molten Li2CO3 in LiAlO2) or solid (yttria-stabilized or yttria-calcia-stabilized zirconia). These 

electrolytes have a high resistivity which inhibits the performance. The stability of electrode 

materials at high temperatures also remains a problem. 

Compared to high temperature fuel cells, low temperature fuel cells are more suitable for 

practical applications. Small fuel cells in the range of 50 – 75 kW have been developed for use in 

automobile and bus propulsion.
[4]

 The AFC is one of the oldest fuel cell types. Both noble metal 

and non-noble metal based catalysts are active in AFCs because hydrogen and oxygen kinetics 

are more facile in alkaline electrolyte which permits a higher cell voltage for AFC. However, 

AFC is susceptible to CO2 inactivation since the electrolyte (KOH) reacts with CO2 to form 

K2CO3. Only pure H2 and O2 can be used as the fuel feeds. AFC stacks have been developed to 

provide electric power for space shuttle applications. 

Both PEMFC and DMFC are using unique ion exchange membranes as electrolytes 

which only allows proton to pass through the membrane. The solid electrolyte reduces the 

corrosion and water management problems. Moreover, the cell structures have good mechanical 

integrity under compression and expansion from temperature and pressure gradient during 

operation. The anode fuel for PEMFCs is H2 while methanol is the fuel for DMFCs. One of the 

main advantages of DMFCs is that it is easy to store and transport the liquid methanol fuel. 

There is no need to convert the hydrocarbon fuel into hydrogen fuel. The anode catalyst (Pt-Ru) 

requires a high loading for methanol oxidation which involves a complicated 6e
-
 process 

compared to hydrogen oxidation (2e
-
). DMFC has a low overall efficiency and it yields only ~ 

0.5 V at 400 mA/cm
2
 at 60°C.

[4]
 In contrast, PEMFCs have a high power density and the cell 
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output is 0.7 V at ~1 A/cm
2
.
[4]

 This system has a minimal material problems though the costs for 

the catalyst and membrane are high. In addition, H2S and CO impurities need to be eliminated to 

prevent catalyst poisoning for long-term operation.  

The PAFC is another fuel cell employing acid media. This cell type is commercially 

available nowadays. The electrolyte is concentrated phosphoric acid in a silicon carbide matrix. 

The concentrated acidic solution is stable below 220°C and water management problems are 

reduced in this cell. When the temperature is below 150°C, the ionic conductivity of H3PO4 is 

poor. The operating temperature is therefore 150-200°C to maintain the cell efficiency.
[4]

 The cell 

output for a existing PAFCs can reach 200 kW.
[4] 

1.2 Electrocatalysis in Fuel Cells 

In hydrogen fuel cells, H2 is oxidized at the anode and O2 is reduced at the cathode. 

Compared to 2e
-
 hydrogen oxidation reaction (HOR), the oxygen reduction reaction (ORR) 

involves a more complicated 4e
-
 process. The exchange current density for ORR is ~10

-10
 A/cm

2
 

in acid and ~10
-8

 A/cm
2
 in alkaline which are much lower than the value for the HOR (~10

-3
 

A/cm
2
).

[9]
 Since ORR has a sluggish kinetics and higher overpotential, it is more important to 

investigate good cathode catalyst to facilitate the ORR reaction. The essential criteria for a good 

cathode catalyst include good catalytic activity, high electronic conductivity, chemical and 

structural stability, tolerant to contaminants and low cost.  

1.2.1 Oxygen Reduction Reaction Pathways 

Depending on the types of electrolyte and electrocatalyst, different mechanistic pathways 

for the ORR will occur. The ORR pathways include either a direct four-electron pathway and/or 

an indirect two-electron reduction followed by a further two-electron reduction. The indirect 
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pathway generates peroxide as a final byproduct or as an intermediate which will be further 

reduced into H2O or OH
-
.
[10-13]

  

In acid electrolyte, the direct reaction is shown as reaction 1.11 

O2 + 2e
-
 + 2H

+ 
→ 2OHads 

2OHads + 2e
-
 + 2H

+ 
→ 2H2O 

Overall: O2 + 4e
-
 + 4H

+ 
→ 2H2O, E° = 1.23 V vs. NHE      (1.11) 

The indirect pathway follows reaction 1.12 

O2 + e
-
 + H

+ 
→ HO2,ads 

HO2,ads + e
-
 + H

+ 
→ H2O2 

Overall: O2 + 2e
-
 + 2H

+ 
→ H2O2, E° = 0.682 V vs. NHE      (1.12) 

H2O2 can be further reduced into H2O 

H2O2 + 2e
-
 + 2H

+ 
→ H2O, E° = 1.77 V vs. NHE      (1.13) 

In alkaline electrolyte, the direct pathway is 

O2 + 2e
-
 + 2H2O → 2OHads + 2OH

-
 

2OHads + 2e
-
 → 2OH

-
 

Overall: O2 + 4e
-
 + 2H2O → 4OH

-
, E° = 0.401 V vs. NHE      (1.14) 

The formation of H2O2 in alkaline is  

O2 + e
-
 + H2O → HO2,ads+ OH

-
 

HO2,ads + e
-
 → HO2

- 

Overall: O2 + 2e
-
 + H2O → HO2

- 
+ OH

-
, E° = -0.076 V vs. NHE      (1.15) 

HO2
-
 is reduced into OH

-
 as follows  
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HO2
-
+ 2e

-
 + H2O → 3OH

-
, E° = 0.88 V vs. NHE      (1.16) 

The O-O bond in O2 is stable with a high dissociation energy of 494 kJ/mol. It is 

necessary to use catalyst to rapidly break O-O bonds at or near room temperature. The ORR 

reaction occurs on the surface of the electrocatalyst. The O2 adsorption sites and geometry on the 

electrode surface impact its ORR pathway. There are three possible configurations by which O2 

interacts with a metal. The Griffiths model involves a side-on interaction with single metal atom 

through two bonds.
[14]

 The Pauling model involves an end-on interaction with single atom 

through a single bond.
[15]

 In the Yeager model, the O2 is adsorbed on two sites (bridge or trans 

interaction).
[16]

 The Griffiths and Yeager configurations lead to a direct reduction with little or no 

peroxide formation while the Pauling configuration leads to the formation of peroxide.  

Various authors have proposed different schemes for ORR pathways. Adzic et al.
[13]

 have 

proposed a classification scheme to describe the complicated reaction pathways. It is defined as  

(i) a direct four-electron reduction of O2 without H2O2 detected on the ring electrode; 

(ii) a two-electron reduction of O2 into peroxide; 

(iii) a series pathway with two- and four-electron reduction; 

(iv) a parallel pathway which combines pathway (i), (ii) and (iii); 

(v) an interactive pathway in which diffusion of species from a series pathway to a direct 

pathway is possible. 

On most electrocatalysts, the ORR occurs via the initial formation of H2O2 followed by 

further reduction to H2O. This is probably due to the lower dissociation energy of O2 relative to 

H2O2 (146 kJ/mol).
[17] 

In order to avoid corrosion caused by H2O2 of carbon supports or other 

fuel cell components, the four-electron direct pathway is desired. Therefore, it is important to 

design suitable catalysts that promote four-electron ORR reaction pathways.
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1.2.2 Catalyst in Proton Exchange Membrane Fuel Cell (PEMFC) 

The proton exchange membrane fuel cell (PEMFC), also called the polymer electrolyte 

membrane fuel cell, was first developed by General Electric in 1960’s for use on space 

vehicles.
[8]

 The polymer electrolyte works at low temperatures which allows a quick start-up for 

the PEMFCs. The use of a membrane means it is possible to make compact fuel cells. Other 

advantages include no corrosive fluids and flexible working configuration. These features enable 

the use of PEMFCs in transportation and portable device applications. PEMFCs are being 

actively developed for use in automobiles, portable electronics, and in combined heat and power 

systems. They are potential power sources with outputs ranging from a few watts to hundreds of 

kW. 

In each PEMFC within a cell stack, there is an ion exchange membrane, the 

electrode/electrocatalyst, a conductive porous backing cloth and bipolar plates connecting cells 

in series. The cell stack contains multiple unit cells to achieve the desired voltage. For a wide 

range of applications, the preferred electrolyte, electrode structure, and the catalyst are similar. 

 The early versions of PEMFCs, as used in spacecraft, only had a lifetime of 500 hours.
[8]

 

A new polymer membrane called Nafion was developed by Dupont and became a new standard 

for PEMFCs. Nafion membranes consist of stable polytetrafluoroethylene (PTFE) backbones and 

sulfonic acid side chains (HSO3) attached to the backbone (Fig. 1.2). The strong bonding 

between fluorine and carbon in PTFE makes it resistant to chemical attack. It is also hydrophobic 

which drives the product water out of the electrode and prevents flooding problems. The HSO3 

group is ionically bonded to the PTFE and the end of the side chain is an SO3
2-

 ion. Since 

sulphonic acid is hydrophilic, the hydrated regions are generated around sulphonated side chain 

clusters. Within these hydrated regions, H
+
 ions can move freely. Therefore, Nafion membrane 
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works as a proton conductor while also prevents the transport of anions. The membrane electrode 

assembly (MEA) is usually thinner than a few hundred micrometers, allowing cells to generate a 

voltage around 0.7 V and power density around 1 W/cm
2
. 

 

Figure 1.2 Structure of Nafion membrane. 

Catalyst layers are present between the membrane and the backing cloth layer. The best 

catalyst is platinum. Ideally, small Pt particles are evenly dispersed onto the carbon supports, so 

that a high proportion of the surface area will be in contact with the reactants. Since Pt is a major 

factor responsible for the high cost of PEMFCs, two approaches have been taken to reduce the 

cost of cathode and enable a more widespread application of this technology. The first method is 

minimizing platinum amount in the catalyst layer. The second method is developing non-

precious metal-based catalyst. 

1.2.2.1 Noble Metal Based Catalyst  

In the last two decades, the minimum required Pt loading has been reduced to 0.4 

mg/cm
2
.
[18] 

The ORR activity is dependent on the particle size of Pt. Decreasing the particle size 

will increase the surface-area-to-volume ratio which is beneficial for catalysis. It is proposed that 

the point of zero charge on the Pt surface shifts 35 mV more negative by decreasing the particle 

size from 30 nm to 1 nm.
[19]

 As a consequence, at the same potential, the surface coverage of 
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OH
-
 is higher for Pt with a smaller particle size. For ORR, the adsorbed OH

-
 ions act as blocking 

species and inhibit the reaction. Therefore, the Pt particle size can not be too small. The Pt 

nanoparticles with a size of 3 – 4 nm have the highest mass activity.
 [19]

  

Increasing Pt utilization can be achieved by alloying Pt with inexpensive transition metals 

(Co, Fe, Ni etc.) or by creating core-shell structured Pt nanoparticles. Alloying Pt results in two 

changes that may affect the activity of Pt alloys. First, alloying may change the electronic 

structure of platinum. Second, alloying may change the adsorption properties of platinum on the 

surface. The activity of binary Pt alloys was found to have a 2.4 – 3.6-fold increase in specific 

activity and a 2-3-fold increase in mass activity.
[18,20]

 About 20 – 30 mV activity gains over Pt/C 

were obtained. According to the stability evaluation results, PtCr and PtTi did not show any 

apparent leaching while PtFe, PtMn and PtNi showed leaching of non-noble elements.
[18]

 

Alloying non-noble metals with other noble metals (Pd, Ru, Ir and Au) is another method to 

lower the cost. Pd based alloys show high ORR activity comparable to that of Pt/C. Pd-based 

alloys also have excellent methanol tolerance. However, the acidic stability of Pd alloys needs to 

be improved to meet industry needs.   

Engineering Pt alloys to contain textured structures seems effective in improving the 

activity, stability and reducing the Pt amount.
[21]

 Stamenkovic et al. prepared Pt3M (M = Fe, Co 

and Ni) with three different surfaces.
[22-24]

 Three surfaces are: (i) random surfaces containing 

randomly distributed Pt and M metals, (ii) Pt-skeleton surface containing 75 at.% Pt and 25 at.% 

M, (iii) Pt-skin surface containing 100 % Pt. It has been demonstrated that Pt alloys covered by a 

Pt-skin surface exhibit highest activity and durability. The noble-metal shell protects the core 

from contacting the acid electrolyte and prevents the core dissolution. The core substrate affects 

the catalytic properties of Pt shell by modifying its electronic structure and inducing surface 
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strain. Therefore, core-shell Pt nanostructure is a promising catalyst for ORR catalysis. The 

electrochemical properties of nanoparticles are dependent on the core composition and structure. 

Adzic et al. deposited Pt monolayers on various core structures to enhance and stabilize Pt and 

Pt-based alloys.
[25]

 In order to synthesize the core-shell nanostructure, a Cu shell was first formed 

outside the core by under potential deposition. Pt monolayer was then deposited by galvanic 

displacement of Cu. Pt monolayers on 4 nm Pd and 4.6 nm Pd3Co cores exhibited about 5- and 

9-fold enhancement over 3 nm Pt nanoparticles. The enhancements can be attributed to the lattice 

contraction in (111) facets. These results demonstrate a way to tailor Pt core-shell structures by 

controlling the composition, size and shape of the core particles for improvements in ORR 

durability and activity.
[26] 

1.2.2.2 Non-noble Metal Based Catalyst 

Numerous research efforts have focused on developing non-precious metal catalysts for 

PEM fuel cells. The most promising catalysts thus far are carbon supported macrocycles. Other 

non-noble metal electrocatalysts include transition metal chalcogenides, oxides, carbides and 

nitrides. Compared to Pt, increasing loading is not a significant cost issue for non-precious metal 

materials until the thickness of catalyst layer reaches 100 μm.
[18]

 For a practical application of 

non-precious catalysts, DOE has set up the activity and stability goal for 2015. The ORR activity 

should reach a volumetric current density of 300 A/cm
3
 at 0.8 V and the stability should reach 

5000 hours.
[27] 

Carbon supported macrocycles (M-Nx/C) were synthesized by the pyrolysis of transition 

metal, nitrogen and carbon precursor materials. Factors influencing the ORR activity and 

durability are including transition metal type, carbon support, nitrogen content and heat treatment 

condition. Many series of macrocylces, phthalocyanines (Pc), tetramethoxyphenylporphyrin 



 

15 

 

(TMPP), tetraphenylporphyrin (TPP) and polyaniline(PANI) complexed with transition metals 

(Fe, Co, Ni and Cu) have been thoroughly investigated toward ORR.
[28-30]

 Previous 

investigations have indicated that the complexes with Co and Cu appear to be the most stable, 

while the complexes with Fe and Co appear to be the most active. The ORR activity can be 

further improved for complexes containing two or more different metal-ion centers. It is 

observed that pyrolyzed Fe/Co-Nx catalysts not only enhance the ORR activity but also improve 

the stability.
[31-35]

 Carbon supported PANI-Fe3Co had a high ORR performance (open cell 

potential is 0.93 V) with less than 10 % degradation was observed after 700 h at 0.4 V in a fuel 

cell setup (Fig. 1.3).
[34]

 It has been recognized that the pyrolysis process is responsible for active 

site formation, giving a high ORR performance relative to non-pyrolyzed macrocycles. 

Normally, M-Nx/C complexes with high activity can be obtained at heating temperatures between 

500 and 800 °C in an inert atmosphere. In this temperature range, a thermal rearrangement of the 

carbon, nitrogen and metal groups creates active sites for the ORR. Above 800 °C, the formation 

of metallic particles or metal oxides/carbides occurs with a decrease in nitrogen content, leading 

to a reduced activity.
[36-38] 

 

Figure 1.3 Left: polarization curves of PANI-Fe3Co-C catalyst in a fuel cell setup. Right: 

durability test of PANI-Fe3Co-C catalyst holding at 0.4 V.
[34]
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The nature of catalytically active sites in these macrocycles still remains uncertain. A 

debate is focused on whether the transition metal ions represent the active species or not. 

Dodelet’s group proposed that the configuration of Fe coordinated by four nitrogen atoms (Fe-

N4) is responsible for ORR activity.
[39]

 An alternative hypothesis is that the transition metal is not 

the active site. The ORR activity is attributed to the formation of graphitic nitrogen and pyridinic 

nitrogen groups. The function of transition metals is to catalyze the formation of N-C active sites. 

This statement is supported by the observed ORR activity of metal free N/C catalysts.
[40,41]

 

Although the exact nature of metal ions is ambiguous, the presence of metal ion center during 

pyrolysis has a significant impact on ORR activity.  

In PEMFCs, the acid stability requirement rules out most oxides since few electronically 

conductive oxides are stable in an acidic environment. It was reported that when ruthenium-

pyrochlore electrodes were attached to a proton-exchange membrane, the electrode was stable in 

acidic solutions.
[42]

 In this aspect, pyrochlores have potential applications for PEM fuel cells. The 

face centered pyrochlore structure can be described by the general formula: A2B2O6O’. The cubic 

B2O6 framework of corner-shared octahedra is interconnected by an A2O’ array. The B-O-B bond 

angle ranges from 180° to 135°. The strong B-O-B interactions within the B2O6 framework are 

responsible for the metallic conductivity of pyrochlore oxides. There are two types of oxygen: 

the O oxygen is bonded to both A and B cations whereas the O’ oxygen is only bonded to A 

cations. The O’ oxygens can be partially or totally absent and are often the source of non-

stoichiometry in pyrochlores. The conductivities of heavily non-stoichiometric oxides are only 

marginally lower than that of metals. For instance, Pb2Ru2O6.5 and Bi2Ru2O7-δ have high 

conductivities of σ = 10
2
-10

3
 S/cm at room temperature.

[43]
 A2B2O7 compounds exhibit a wide 

variety of interesting electric properties. This is because B cations can be transition metal 
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elements with variable oxidation states and A cations can be rare earths (Ln), alkaline earths or 

other large elements. Thus, the electrical nature of pyrochlores vary from highly insulating to 

semiconducting to metallic behavior. Since pyrochlores have many possibilities for good metallic 

conductors and can accommodate many metals useful in catalysis, they belong to a good 

structural family for designing electrodes for electrocatalysis. Previous studies investigated the 

activity and stability of ruthenium pyrochlore oxides. Study showed that ruthenium pyrochlores 

could catalyze the ORR in acid environment by attaching to a Nafion or Dow developmental fuel 

cell membrane.
[42]

 Stabilized Pb2Ru1.95Pb0.05O7-δ showed a higher activity than commercial Pt 

catalyst under acidic conditions.
[44]

 Further modifications on metal oxides are required to 

overcome the stability challenges.  

Recently, nitrides, oxynitrides, carbides and carbonitrides modified by transition metals 

have been explored as ORR catalyst candidates. Nitrides are relatively stable and have high 

electrochemical potentials. Many studies have been focused on molybdenum nitrides and 

tungsten nitrides. Although the ORR activity of carbon supported W2N is low, this material 

remains stable after 100 hours operation in a fuel cell setup.
[45]

 Molybdenum nitrides have higher 

ORR current density and onset potential than tungsten nitrides. Mo2N/C exhibited an open circuit 

potential of 0.6 – 0.8 V and no deterioration was observed after 60 hour cell testing.
[46]

  The 

kinetics of the ORR on Mo2N/C was studied and the electron transfer number was 3.8, 

suggesting that the reaction mechanism followed a 4-electron pathway. Heat treatment of carbon 

supported transition metals in NH3 was utilized for the synthesis. The ORR activity of carbon 

supported nitride is ascribed to metal nitride and pyrrolic nitrogen species present in the carbon 

support.
[27]

 Oxynitrides are formed by doping nitrogen into metal oxides. The doping of nitrogen 

can reduce the band gap of oxides and decrease its electrical resistivity.
[47]

 TaOxNy was reported 
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to have an ORR onset potential as high as 0.8 V.
[48]

 Powder ZrOxNy showed an onset potential of 

0.7 V while thin film ZrOxNy had an onset potential of 0.8 V.
[49,50]

 Both Ta and Zr oxynitrides 

exhibited excellent stability in acid.  

Tungsten carbide (WC) was reported to have a similar electronic structure with 

platinum,
[51]

 which inspired investigations on carbides for ORR catalysis. However, applications 

of pure carbides are unfeasible due to the limited acid stability. Incorporation of Ta into WC 

improves the stability. The improvement is attributed to the formation of Ta-W alloy phase. Ni-

Ta-C compound is found to be stable in acid electrolyte since a thin TaO on the surface protects 

the bulk material.
[52,53]

 Carbonitrides such as CrCN,CoCN,NiCN and FeCN could display ORR 

activity.
[54,55]

 It was also found that partial oxidation of carbonitrides have a positive effect on the 

ORR activity.
[56-59]

 For example, the onset potential of partially oxidized ZrCN compound 

increased to  0.97 V and it was stable at an electrode potential of 0.6 V for 100 hours.
[57]

  

As discussed above, non-precious transition metal based catalysts haven shown 

promising ORR activity and stability. It is pivotal to optimize the catalyst composition, structure 

and morphology to increase the ORR activity to meet the DOE activity targets. In the long term, 

understanding the active sites in these different structures is important to further improve the 

catalytic properties in a rational manner.  

1.2.3 Catalyst in Alkaline Fuel Cell (AFC) 

One major advantage of AFC is that the ORR kinetics are inherently faster in alkaline 

electrolyte. However, carbonation issues remain a serious problem for AFCs if air is used as the 

feed. The formation of K2CO3 precipitations will change the electrolyte pH and block the gas-

diffusion electrode which causes the failure of the entire cell. To solve the problem, a solid 

polymer electrolyte, analogous to proton exchange membrane, has been developed. The modified 
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AFC is similar to PEMFC. The membrane only transfers OH
-
 ions produced at the cathode to the 

anode side to react with H2.
[60]

 Although development of AFCs with anion exchange membrane 

is still underway, noble-metal-free AFCs hold promise in the future.  

1.2.3.1 Noble Metal Based Catalyst 

Pt and Pt-based alloys are most active catalysts in alkaline electrolytes.
[61-67]

 Pt/C with a 

loading of 60 wt% Pt reduces oxygen through four electron process.
[66]

 Pt-based alloys exhibit 

higher activity and/or stability.
[65]

 Silver has been studied as replacement of Pt due to its high 

performance in alkaline media and relatively low cost. The size of Ag particles and oxidation 

state of Ag on the surface affect the performance. Ag nanoparticles (5-10 nm) on carbon with a 

loading between 20 wt% and 30 wt% proceed through a four electron pathway.
[68]

 The effect of 

hydroxide concentration is positive for Ag but negative for Pt. Ag-based materials becomes 

competitive to Pt in alkaline media with a high concentration.
[68]

 

1.2.3.2 Non-noble Metal Based Catalyst 

Numerous non-noble metal catalysts in AFCs have been developed and screened in terms 

of their ORR activity. Although carbonaceous materials show poor activity in acid, these 

materials are able to catalyze ORR in alkaline through a two electron process. Functional 

carbonaceous materials with a high surface area have increased activity. Non-noble metal oxides 

have also been studied. In these studies, binary manganese oxides, spinel oxides and perovskite 

oxides are attractive alternatives to noble metals due to their ORR performance and low cost.  

Manganese oxides possess prominent advantages such as good activity toward ORR, 

abundance, low cost and environmental friendliness. Binary MnOx with different stoichiometry 

and crystal structures have different activities. Previous studies demonstrate that the activity 
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follows the sequence of  Mn5O8 < Mn3O4 < Mn2O3 < MnOOH and MnO2.
[69,70]

 The high activity 

of MnO2 is attributed to the reduction of Mn
4+

 to Mn
3+ 

 and the following electron transfer from 

Mn
3+

 to oxygen molecules. There are multiple structural polytypes for MnO2, including 1D 

tunnel structures (α-,β- and γ-MnO2), a 2D layered structure (δ-MnO2) and a 3D spinel structure 

(λ-MnO2). α-MnO2, which has a characteristic 2 × 2 tunnel structure, exhibits the highest activity 

among these phases. By depositing Ni nanoparticles onto α-MnO2 nanowires, the onset potential 

increases 20 mV compared to α-MnO2 nanowires and the overall ORR is a quasi 4-electron 

transfer.
[71] 

Spinel oxides and perovskite oxides have also shown high ORR activity. Their catalytic 

properties can be modified by incorporating transition metals into these tunable structures. Spinel 

oxides have the composition of AB2O4. A and B can be monovalent, divalent, trivalent, or even 

tetravalent cations, including Mg
2+

, Zn
2+

, Fe
3+

, Mn
3+

, Al
3+

, Ti
4+

 and Si
4+

. In the ideal spinel 

structure, oxide anions form a cubic close-packed arrangement, in which A cations occupy 

tetrahedral holes and B cations occupy octahedral holes. The spinel structure is very flexible due 

to the wide range of cations it can incorporate. In addition, A and B can be the same type of 

cations with different oxidation state as in Fe3O4. Depending on the oxidation state, vacancies 

can be present in the structure. The vacancies in the structure result in better ion mobility. Spinels 

such as Co3O4, NiCo2O4, CoFe2O4, and MnCo2O4 have been investigated for their ORR activity. 

The activity of NiCo2O4 reached 250 mA/cm
2
 at 0.65 V in 5N KOH at 25°C. However, the 

activity decreased to less than 2 mA/cm
2
 within 2-3h.

[72]
 A mixture of NiCo2O4 and FeOx 

enhances the electrocatalytic activity because FeOx reduces the overpotential of ORR.
[73]

 In order 

to improve its stability, Yeung and Tseung
[74]

 bound NiCo2O4 with Teflon and its performance 

remained at 25 mA/cm
2
 at 750 mV over a period of 130 hours in 5N KOH. In MnxCo3-xO4 (0 < x 
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< 1), the influence of cation distribution toward ORR has been investigated .
[75]

 The ORR current 

density is affected by the bulk Co/Mo ratio. However, the ORR on MnxCo3-xO4 proceeds through 

multiple steps involving HO2
-
 as an intermediate. Catalyst supports also play a crucial role for 

ORR performance. Although Co3O4 nanoparticles only show little ORR activity, Co3O4 grown 

on reduced graphene oxide is reported as a high-performance cathode catalyst for oxygen 

reduction.
[76]

 In 6 M KOH, the hybrid exhibits comparable activity but superior stability to 

commercial Pt (Figure 1.4). Chronoamerometry measurements demonstrates that the activity of 

the hybrid remains stable over 10000 s while the activity of Pt exhibits a ~ 40% decrease at the 

same operation condition.  

 

Figure 1.4 Left: oxygen reduction polarization curves of Co3O4/rmGO, Co3O4/N-rmGO and 

commercial Pt/C catalyst (catalyst loading ~0.24mg/cm
2
) in O2-saturated 6 M KOH. Right: 

Chronoamperometric responses of Co3O4/N-rmGO and commercial Pt/C kept at 0.70 V in O2-

saturated 6 M KOH.
[76] 

ABO3 compounds with the perovskite structure can be described as having a three-

dimensional framework made up of BO6 octahedra. The centers of the frameworks are 12-fold 

coordinated A cations in ideal perovskites. The electronic conductivities of perovskites are 

generally higher than spinels due to the edge sharing octahedral chains of spinels. Perovskite-

type rare earth cobaltites, ferrites and manganites have been found to give good electrode 
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performance. Among these oxides, LnMnO3 (Ln=lanthanides) are active and stable in alkaline 

solutions. Furthermore, LaMnO3+δ allows the partial substitution of La and Mn for Sr and Fe 

respectively, which gives a significant improvement in activity. Yuasa tested the performance of 

La0.6Sr0.4Mn0.8Fe0.2O3+δ in 9M NaOH at 85°C.
[77]

 The loading of 17 mass% 

La0.6Sr0.4Mn0.8Fe0.2O3+δ on the carbon support have shown excellent activity.  

The intrinsic catalytic activity of La-based perovskites was studied through a thin-film 

rotating ring-disk electrode technique.
[78]

 For LaMO3 (M = Ni, Co, Fe, Mn and Cr), LaCoO3 

shows the largest ORR current and highest onset potential. For LaNi0.5M0.5O3, substituting half 

of the nickel with other transition metals (Fe, Co, Mn or Cr) enhances the ORR reaction and 

provides a promising route to optimize the catalyst. Koutecky – Levich analysis indicates that the 

ORR on these compounds is close to a 4-electron reaction, a result which is also supported by the 

small amount of hydrogen peroxide production (< 2%). Factors linked to catalytic activity have 

been investigated among La-based perovskites synthesized via co-precipitation method.
[79]

 La 

perovskite oxides with A-site (La1-xCaxBO3 and La1+xBO3) and B-site (LaB1-xB
’
O3) substitution 

were studied for ORR catalysis. A volcano relationship is obtained between the eg electron of B-

site atoms and ORR activity. Based on the volcano plot, too few eg electrons result in a overly 

strong B-O2 bonding, whereas too many eg electrons produce too weak B-O2 bonding. A 

maximum ORR activity can be approached in transition metal perovskites with an eg electron 

filling near 1. This work provides design principles for perovskite type catalysts enhanced ORR 

activity that might replace platinum.  

1.3 Catalyst Evaluation Techniques 

The most frequently used techniques for ORR catalysis studies include steady-state 

polarization, cyclic voltammetry (CV), rotating disk electrode (RDE) and rotating ring-disk 
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electrode (RRDE) measurements. All of these experiments are conducted in a conventional 

three-electrode electrochemical cell (Figure 1.5). In the cell, the working electrode, counter 

electrode and reference electrode are immersed in an Ar or O2 saturated electrolyte. In this setup, 

the potential is measured between the working electrode and reference electrode and the current 

passes through the working electrode and counter electrode.  

 

Figure 1.5 Basic scheme of three-electrode electrochemical cell. 

Steady-state polarization curves are recorded by sweeping the electrode potential and 

recording the current response (Figure 1.1). For a good ORR catalyst, high current density at 

lower overpotential is expected. To compare ORR catalysts, current density at a specific potential 

or the overpotential at a specific current are evaluated. Cyclic voltammetry measures the 

electrochemical response and the catalytic activity of catalysts. For catalysts containing transition 

metals, specific redox pairs may be observed. The onset potential toward ORR is obtained by 

subtracting the CV measured in Ar from the CV measured in O2. Good ORR catalysts have a 

high onset potential as close as possible to the theoretical potential (1.23 V).  
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1.3.1 Rotating Disk Electrode (RDE) 

The RDE is a hydrodynamic working electrode. The electrode rotates to induce a flux of 

reactant to the electrode surface and the products are swept away from the electrode. The steady-

state current is controlled by the solution flow generated by RDE rather than by the diffusion of 

the reactants and products, in contrast to static experiments like CV. RDE responses follow the 

Koutecky-Levich equation
[80]

: 

 

 
 

 

  
 

 

  
      (1.17) 

where j is the measured disk current density, jk is the kinetic current density without any mass 

transfer effect, and jd is the diffusion-limiting current density (Levich current density). The term 

jk can be expressed as  

                         (1.18) 

where n is the overall electron transfer number, kO2 is the reaction rate constant which is related 

to the potential, CO2 is the concentration of dissolved O2 in electrolyte, and Γcatalyst is the catalyst 

loading on the electrode surface. The term jd can be expressed according to the Levich equation 

                
   

              (1.19) 

where DO2 is the diffusion coefficient of O2, ν is the kinematic viscosity of the electrolyte, and ω 

is the rotation rate in rpm. The diffusion limiting current is thus expected to be proportional to 

the square root of the rotation speed of the RDE.  

For RDE analysis, CO2, DO2 and ν are constant parameters which depend on temperature 

and the electrolyte. If 1/j is plotted against ω
-1/2

, a linear plot can be obtained. The slope of the 

plot can be used to estimate the number of electrons transferred during the ORR. Also jk can be 

obtained from the intercept of the plot.  
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1.3.2 Rotating Ring-disk Electrode (RRDE)  

RRDE experiments are used to probe the ORR mechanism. In RRDE, experimental 

intermediates like H2O2 which are generated during the ORR can be detected on the ring 

electrode. On the disk electrode, 2- or 4-electron reactions occur. On the ring electrode, products 

from 2e
-
 reactions (H2O2) are oxidized into H2O, which can be measured at a higher potential. 

The 2e
-
 current (I2e) is given by  

I2e = IR / N     (1.20) 

where IR is the ring current, N is collecting coefficient number of RRDE. Since the disk current 

(ID) is the sum of both the 2e
- 
and 4e

-
 currents, the average transfer electron number (n) for ORR 

is calculated by 

   
   

       
     (1.21) 

1.4 Water Electrolysis 

As mentioned in previous session, hydrogen and oxygen are used in hydrogen fuel cells 

to provide energy. Hydrogen and oxygen are clean fuels since the only byproduct of the fuel cell 

is water, which is environmentally benign. Oxygen can be obtained from air easily, but hydrogen 

does not exist as molecular form in nature. Today, hydrogen is mainly produced by steam 

reforming from natural gas.
[81] 

However, this method consumes non-renewable fossil fuels. 

Another alternative method to produce hydrogen is water electrolysis which converts electrical 

energy to chemical energy in an electrolyzer. The electrolysis method supplies 4%-5% of the 

world’s hydrogen.
[81]

 The electrical power needed to drive the chemical reaction can be provided 

by renewable wind, solar energy or other renewable soure. Hydrogen generated in this manner 

can be stored and used in fuel cells later to provide electricity on demand. One advantage of a 
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water electrolysis cycle is that hydrogen can be stored and used on the station directly without 

the need for transportation.  

There are two types of electrolyzers commercially available: alkaline and proton 

exchange membrane (PEM). Alkaline electrolysis is a mature and commercial technology for 

hydrogen production. However, the membrane of alkaline electrolyzer can not prevent cross-

diffusion of product gas completely, which reduces its efficiency. The high Ohmic loss across the 

alkaline electrolyte also lowers the achievable current density.
[81]

 PEM electrolyzers have been 

developed to overcome these drawbacks. A thin layer of polymer electrolyte membrane (Nafion) 

is used in PEM electrolyzers (Figure 1.6). The advantages of PEM electrolysis include high 

current density, good voltage efficiency and high output gas purity since the Nafion membrane 

possesses the advantageous properties of high proton conductivity and low gas crossover.
[81]

 

Problems related to high cost of components and possibly low durability in corrosive acidic 

environment are still present and these problems prevent the wide commercialization of PEM 

electrolysis. In order to develop this technology and contribute to a future hydrogen based 

economy, the development of suitable electrocatalysts with high efficiency, low cost and long-

term stability is pursued.  
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Figure 1.6 Basic scheme of PEM electrolyzer: only protons are allowed to pass through the 

proton exchange membrane. H2 molecules are produced at the cathode while O2 molecules are 

produced at the anode. 

1.4.1 Mechanism for Hydrogen Evolution Reaction 

Cathode catalysts for water electrolyzer need to provide sufficient cathode current to 

reduce protons to H2 molecules. In contrast to the slow oxygen evolution reaction (OER) 

kinetics, the kinetics of HER is much faster due to its two electron process. The HER proceeds 

through a combination of three primary steps to convert H
+ 

into H2. These elementary steps 

include the discharge of proton to adsorption hydrogen (Hads) (Volmer reaction, Eq.1.22), the 

simultaneous electron transfer between proton and adsorped hydrogen (Heyrovsky reaction, 

Eq.1.23) and the dissociation of H2 without electron transfer (Tafel reaction, Eq.1.24).
[82,83]

 The 

combination of Volmer-Heyrovsky or Volmer-Tafel reactions leads to the production of H2. Tafel 

slopes indicate how fast the electrode responds to an applied potential to produce current, and 

can be applied to evaluate the electrode performance. The Tafel slopes of these three reactions 

differ from each other. The Volmer reaction has a Tafel slope of 120 mV/dec, while the 
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Heyrovsky and Tafel reactions have slopes of 40 and 30 mV/dec, respectively.
[82-84]

 

Experimentally measured Tafel slopes can potentially be used to identify the HER mechanism. 

Volmer: H
+
 + e

-
 → Hads                           (1.22) 

Heyrovsky: Hads + H
+
 + e

-
 → H2                  (1.23) 

Tafel: Hads + Hads → H2                                     (1.24) 

Although Tafel slopes can be used as guide to the mechanism, it should be noted that 

these values are based on measurements for noble metals and may vary under different 

experimental conditions. Density functional theory (DFT) calculations can be employed to model 

electrochemical reactions and explore reaction at the interface on a molecular scale.
[85-90]

 The 

kinetics of Tafel reaction on different metals with different facets were studied using DFT 

calculations. The calculated rates and exchange current densities are in good agreement with 

experimental data.
[86,88,90] 

 

1.4.2 Catalysts for Hydrogen Evolution Reaction 

There are two basic requirements for a good cathode catalyst. First, the catalyst should be 

highly active toward HER. The high activity means a low overpotential, a high current density 

and a large exchange current density. Second, the catalyst should possess long-term durability in 

electrolyte.  

A comprehensive study of pure metals for HER was performed by Miles and Thomason. 

It was found that the activity for HER in 0.1 M H2SO4 at 80 °C had a following order: Pd > Pt > 

Rh > Ir > Re > Os > Ru > Ni.
[81]

 Later on, Nørskov et al. used DFT to calculate hydrogen 

adsorption energies on noble and transition metals with a close packed structure.
[86,88]

 Plotting 

catalytic activity (exchange current density) versus free energy of hydrogen adsorption (ΔGH) 
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gives rise to a volcano relation (Fig. 1.7). From the peak to the left side, the activity decreases 

with a decreasing ΔGH value since the bonding strength of left side elements is too strong to 

form metal hydrogen bond at the surface. From the peak to the right side, the activity decreases 

with a increasing ΔGH value because proton transfer becomes more difficult and hydrogen 

becomes more unstable.
[86,88]

 Therefore, materials with intermediate metal-hydrogen bond 

strength are the most suitable HER catalyst. In this diagram, Pt is close to the optimal value 

which is consistent with the fact that Pt is the most efficient electrocatalyst known for HER. 

Although the loading of Pt on the cathode is relatively low compared to the anode, the cathode 

still represents a considerable cost. In order to lower the Pt loading, further development of more 

homogeneous catalyst with smaller particle size is underway.  

 

Figure 1.7 Measured exchange current density of different metals plotted as a function of free 

energy for hydrogen adsorption ΔGH. ΔGH values are calculated at 1 bar of H2 (298 K). The two 

dashed lines correspond to the activity predictions assuming transfer coefficients of 0.5 and 1.0, 

respectively. 
[86]

 



 

30 

 

Alloys are considered to be good alternatives to pure noble metals. Alloys can be used to 

lower the loading amount of noble metals as well as to enhance their activity and stability. DFT 

calculations suggest that surface alloys, including BiPt, PtRu, AsPt, SbPt, BiRh, RhRe, PtRe, 

AsRu, IrRu, RhRu, IrRe and PtRh, are both active and stable toward HER in acidic 

environments.
[86]

 It  should be noted that Pt is highly active for HER while Bi is not active for 

HER. The surface alloy combining these two elements is predicted to be active. The BiPt surface 

alloy prepared by a three-step deposition method is confirmed to exhibit high catalytic activity, 

which is comparable to or even better than pure Pt films.
[86]

 Hence, exploring alloys is desirable 

to provide more possible catalyst candidates.  

Depositing monolayer Pt on low-cost substrates is another method to minimize Pt 

amounts while retaining activity. Monolayer (ML) Pt was deposited onto WC thin films by 

thermal evaporation. It is found that the Tafel plot of 1 ML Pt on WC thin film was almost 

identical to that of bulk Pt.
[91]

 By varying the substrates, catalytic properties may be further 

improved. Designed materials with core-shell structures are able to decrease Pt loadings while 

remaining activity. Core-shell catalysts consist of monolayers of active materials (Pt or Pt alloys) 

supported on a metallic core. Noble metal catalyst with a core-shell morphology can reduce the 

amount of noble metal and exhibit enhanced activity and/or stability for ORR reaction in fuel 

cells.
[92]

 Core-shell structures are promising alternatives for HER catalysis. 

These limitations of using expensive noble metals even at low loadings have motivated 

extensive efforts to design and develop non-noble metal HER electrocatalysts which are stable in 

acidic environments. Ni-based materials are generally used as electrode catalysts in alkaline 

electrolyzer.
[93]

 Although some of these catalysts have shown high activity in acidic electrolytes, 
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their poor stability remains a problem. Mo based materials, especially MoS2, have been widely 

investigated as cathode catalysts for HER in acidic electrolytes.
[83,87,94-99]

 

MoS2 is a well-known classic catalyst in hydrodesulfurization (HDS) which also involves 

H2.
[100]

 It was also reported that molybdenum-sulfide dimers were able to produce hydrogen at 

low overpotentials in organic solvents.
[101]

 Initially, MoS2 was not considered as a promising 

catalyst for HER since bulk MoS2 showed poor activity. In contrast, nanoparticles of MoS2 were 

reported to be active HER catalysts.
[94]

 Since then, the investigation and development of MoS2 

have intensified. Carbon-supported nanoparticulate MoS2 has been studied in sulfuric acid. It 

was found that the overpotential of carbon-supported MoS2 is comparable to the hydrogen 

binding energy on the edge of the nanoparticles.
[95]

 Therefore, the active sites of MoS2 for HER 

are edge sites rather than basal planes. A scanning tunneling microscopy (STM) study of MoS2 

nanoparticles supported on Au (111) surface also provided direct evidence that the active sites 

are indeed edge sites.
[87]

 Heterogeneous MoS2 contains two types of edges, the Mo-edge and the 

S-edge. Generally, Mo-edge sites are more active toward HER since Mo-edge has a ΔGH of 0.08 

eV which is the major edge exposed.
[95]

 The structure and morphology of MoS2 are tunable by 

using different starting reagents and synthesis methods. Factors like composition, structure and 

morphology have great impacts on the catalytic properties. Studies have presented excellent 

HER activity on various forms of MoS2 and its analogues. Core-shell MoO3-MoS2 nanowires 

have been developed to drive HER efficiently with stable activity over thousands of potential 

cycles.
[83]

 The morphology of vertically aligned core-shell nanowires provides a high surface 

area for catalysis. The MoO3 core is partially reduced and served as a highly conductive substrate. 

The ultrathin MoS2 shell served as a cathode catalyst and a protective layer to prevent the 

dissolution of MoO3 core.
[83]

 MoS2 grown on reduced graphene oxide (RGO) also demonstrates 
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high activity with low overpotential (~0.1 V) and small Tafel slope (41 mV/decade).
[96]

 Unlike 

aggregated MoS2 grown freely in solution without  GO, the growth of MoS2 nanoparticles are 

selective due to the strong chemical coupling between MoS2 and graphene oxide sheets.
[96]

 The 

highly dispersed MoS2 nanoparticles afford abundant exposed edge sites which serve as active 

sites. The synergistic coupling of the hybrid combines the sulfide strongly with the RGO 

substrate which facilitates a fast electron transport. This MoS2/RGO hybrid exhibits superior 

activity relative to other MoS2 catalysts. Two-dimensional MoS2 contains single S-Mo-S layers 

in hexagonally packed structures which can exist in various polymorphs. 2H-MoS2 phase is 

thermodynamically favored in nature, and contains MoS6 in a trigonal prismatic geometry. 2H-

MoS2 is a semiconductor whose poor conduction limits the overall catalytic efficiency. In 

contrast, 1T-MoS2 containing edge-sharing MoS6 octahedra is reported to be metallic.
[97]

 1T-

MoS2 nanosheets can be achieved by lithium intercalation into 2H-MoS2. This chemical 

exfoliated metallic 1T-MoS2 exhibits superior and stable HER activity owning to its proliferated 

active sites and facile electron transport.
[97]

 Besides crystalline MoS2, amorphous MoS2 

synthesized through a wet chemistry synthesis is a highly active catalyst with an overpotential of 

200 mV that achieves 10 mA/cm
2
 hydrogen evolution current densities, which is a useful metric 

to compare catalysts for solar hydrogen production.
[98]

 This material shows the highest activity 

among reported MoS2 synthesized using a room temperature wet chemistry method (Fig. 1.8).  

Thin film samples have the advantage of homogeneity compared to powder samples. MoS2 and 

MoSe2 thin films have been tested for HER catalysis. The configuration of edge-terminated thin 

film contains vertically aligned layers with the purpose of exposing edge sites maximally.
[99]

 

Because current density of these thin films is smaller than that of powder samples, further 

improvements are underway. Other chalcogenides like cubane-type [Mo3S4]
4+

 have also been 
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found to show high per-molecule catalytic efficiency though the durability remains a problem in 

acidic electrolyte.
[102]

 In conclusion, future optimization of MoS2 will focus on improving its 

conductivity and maximizing the density of active edge sites by controlling the nanostructure 

growth. 

 

Figure 1.8 Tafel plots of molybdenum sulfide catalysts for HER, including MoO3/MoS2 core-

shell nanowires in 0.5 M H2SO4 (blue line), MoS2 nanotriangles in H2SO4 (pH = 0.24, orange 

line), amorphous MoS3 in 1 M H2SO4 (purple line), electrodeposited amorphous MoS3 (pH = 0, 

green line), wet-chemical synthesized amorphous MoS2 in 0.5 M H2SO4 (black line) and 

MoS2/RGO in 0.5 M H2SO4 (red line). 
[98]

 

In addition to molybdenum sulfides, other molybdenum-based materials have also been 

investigated. Nitrides and carbides have shown excellent catalytic activities toward various 

reactions.
[103-105]

 The function of such material as a catalyst resembles that of noble metal for 

certain reactions. MoN, MoB and Mo2C have been evaluated to be good catalysts for hydrogen 

evolution.
[103-105]

 Although the particle sizes of MoB and Mo2C are large and irregular, their 

activities are high in both acid and alkaline conditions.
[103]

 The Faradaic yields of these catalysts 

are quantitative in both media. Better performance could be achieved by making more defined 
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nanoparticles. For instance, nanostructured β-Mo2C supported on carbon nanotube gave a higher 

HER current density compared to bulk Mo2C.
[104]

 Similar to Mo2C, hexagonal MoN is able to 

catalyze hydrogen production reaction.
[105]

 Incorporation of nickel in the molybdenum nitride 

structure further enhances its activity.
[105]

 Unlike nickel-molybdenum which is stable in alkaline 

but not acidic environments, NiMoNx nanosheets only show a slight degradation over 2000 

cycles. The high activity and stability may be attributed to the exfoliated nanosheet structure and 

modified d-band electronic structure, though more experiments need to be conducted to elucidate 

the intrinsic reason. Recently, hexagonal Ni2P, a well-known HDS catalyst, was found to exhibit 

high activity comparable to Pt.
[106]

 Hollow Ni2P has a high density of exposed (001) surface sites 

which are predicted to be active sites for HER based on theory.
[106]

 To date, the majority of non-

noble metal based HER electrocatalyst are binary compounds. It is intriguing to develop ternary 

or even more complicated compounds. Hence, chemical substitution and nanostructure 

modification will be promising strategies to further improve the catalytic activity and stability for 

HER.  

1.5 Objectives of Research Work 

As discussed in the previous section, the utilization of sustainable and clean energy 

sources such as hydrogen fuel in the future is required due to energy crisis and environmental 

problems caused by fuel combustion. Hydrogen fuel cells are potential solutions to replace 

internal combustion engines since the theoretical energy density of H2 is higher than gasoline and 

it is environmentally benign. Compared to hydrogen oxidation catalysis, oxygen reduction 

reaction is more challenging due to the sluggish four electron process. Pt is the best known 

cathode catalyst for ORR. However, the cost and scarcity of Pt currently prevent the 

commercialization of hydrogen fuel cells. Therefore, it is desirable to investigate non-noble 
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metal based cathode materials as alternative to Pt. Mo-based oxynitrides and nitrides have been 

explored as ORR catalysts in this study since the modified oxynitride or nitride surface makes it 

easier to donate electrons to oxygen molecules and facilitates the ORR reaction.  

The hydrogen evolution reaction is an important reaction in the renewable production of 

H2 from water electrolysis. Utilization of H2 as a future energy source requires efficient catalysts 

for HER. Unfortunately, the best current HER catalysts incorporate noble metals such as Pt, 

whose terrestrial scarcity and high cost limit the viability of renewable H2 production. These 

limitations have motivated extensive efforts to design and develop non-noble metal HER 

electrocatalysts which are stable under acidic environments. Notable recent progress has been 

made in the last decade in developing acid-stable HER catalysts, resulting in the discovery of 

excellent HER activity for MoS2, Mo2C, MoB, Ni-Mo, Ni-Mo-N, and Ni2P, all of which contain 

Mo and/or Ni. We are therefore motivated to investigate the electrocatalytic activity of more 

complex ternary molybdenum nitrides in which the valence and electronic states of Mo can be 

more readily tuned than in binary molybdenum nitrides. 

In this thesis, we studied binary molybdenum nitrides (Mo-N), cobalt molybdenum 

oxynitrides (Co-Mo-O-N)
[107]

, ternary cobalt molybdenum nitride (Co-Mo-N)
[108] 

and ternary 

iron tungsten nitride (Fe-W-N) as electrocatalyst candidates for oxygen reduction reaction and 

hydrogen evolution reaction. These nitrides and oxynitrides were prepared by ammonolysis 

method. Synthesis conditions were modified by altering the precursor, annealing temperature and 

flow rate. Their crystal structures were studied by X-ray diffraction, neutron diffraction and 

neutron pair distribution function analysis. Their morphologies were characterized by scanning 

electron microscope and transmission electron microscope. The valence states and compositions 

were analyzed using X-ray absorption spectroscopy, X-ray photoelectron spectroscopy and 
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thermogravimetric analysis. A set of electrochemical techniques including cyclic voltammetry 

and chronoamperometry were employed to investigate the catalytic activity and stability of these 

catalysts.  

Carbon supported Co-Mo-O-N with different compositions were investigated to establish 

the correlation of compostion and activity. The structure-reactivity correlation was explored by 

investigation of Mo-N with different crystal structures. Further improvement of hexagonal Mo-N 

was approached by doping Co into binary molybdenum nitride. Our studies indicate new 

possibilities for utilization of Mo-containing (oxy)nitrides as promising catalysts for oxygen 

reduction reaction and/or hydrogen evolution reaction.  

 

  



 

37 

 

Chapter 2. Carbon-Supported Cobalt Molybdenum Oxynitride as Electrocatalyst for 

Oxygen Reduction Reaction 

2.1 Introduction 

Due to energy demands, tremendous research efforts have been focused on developing 

efficient catalysts for proton exchange membrane fuel cells (PEMFCs) and anion exchange 

membrane fuel cells (AMFCs). Compared to hydrogen oxidation catalysis, it is much more 

challenging to develop suitable catalysts for the oxygen reduction reaction (ORR) since the ORR 

is a complex four electron process which typically has sluggish kinetics that require high 

overpotentials to overcome.
[109] 

Platinum supported on carbon is the best known cathode catalyst 

for ORR with a moderate overpotential (about 300 mV). However, Pt is expensive and sensitive 

to contaminants like halides, methanol and carbon monoxide.
[110] 

It is highly desirable to 

investigate non-noble metal based materials as alternative cathode catalysts. Various non-noble 

metal catalysts (NNMCs), such as transition metal chalcogenides,
[111]

 macrocycles,
[112-114]

 

transition metal oxides,
[79]

 transition metal carbides/nitrides
[46,115,116]

 and transition metal 

oxynitrides,
[117-120]

 have been widely studied. Among these NNMCs, catalysts containing cobalt 

or iron have shown the most promising catalytic activities for ORR.
[113,114]

 These highly active 

catalysts can be obtained by choosing the right combination of metal-nitrogen-carbon precursors 

and heating conditions. For example, PANI-FeCo-C was recently reported to exhibit high ORR 

activity with an onset potential of 0.93 V and retention of activity for 30000 cycles in a 

PEMFC.
[114]

  

Transition metal nitrides and oxynitrides are well suited for catalysis applications as they 

have good electrical conductivities and corrosion resistance. Their activities in 

hydrodenitrogenation and hydrodesulfurization resemble those of noble metals.
[115]

 The 
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formation of nitrides favourably modifies the catalyst electronic structure such that the 

contraction of d-bands in Group 4-6 nitrides results in a greater electron density near Fermi level. 

This facilitates the donation of electrons to adsorbates such as oxygen.
[115]

 Therefore, the 

formation of nitride on the surface may make it easier for the catalytically active metal to reduce 

oxygen. Previously, ORR activities of monometallic nitrides/oxynitrides of Group 4-6 have been 

studied in acidic solution for fuel cell applications.
 [46,115-118]

 ZrOxNy and TaOxNy were found to 

show moderate ORR activities and excellent chemical stabilities in sulfuric acid.
[117,118]

 Studies 

on MoN and Mo2N demonstrated that they had comparatively good ORR activities and that the 

oxygen reduction reaction proceeds through a nearly four electron process.
[46,116]

 Compared to 

monometallic oxynitrides, bimetallic oxynitrides are potentially better ORR catalyst candidates 

since their catalytic properties can be enhanced by the combination of multiple active species or 

by the tuning of electronic states. Indeed, bimetallic Co-W-O-N catalysts supported on carbon 

were found to have an onset potential of 0.749 V in 0.5 M H2SO4, an activity substantially higher 

than monometallic W and Co oxynitrides.
[119]

 Oyama et al. have synthesized bimetallic 

oxynitrides Co-Mo-O-N with high surface areas which showed excellent hydrodenitrogenation 

activities.
[121]

 Similar to Co-W-O-N, we hypothesized that Co-Mo-O-N may possess good ORR 

activities as well. Here, we report the synthesis and characterization of CoxMo1-xOyNz 

compounds supported on carbon black as effective catalysts for ORR in acidic media and as 

exceptional ORR catalysts in basic environments.
 

2.2 Experiment Section 

2.2.1 Sample Preparation 

The synthesis of fine powders of Co-Mo-O-N catalysts with a composition that is 

generically represented as CoxMo1-xOyNz was accomplished by the low temperature firing of an 
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aqueous solution of soluble precursors. For Co/Mo mixed samples (x = 0.25, 0.50, 0.75), 

stoichiometric amounts of Co(NO3)2 ∙6H2O (Alfa Aesar, 97.7%) and (NH4)6Mo7O24 ∙4H2O (Alfa 

Aesar, 99%) were first dissolved completely in deionized water. This clear solution was stirred 

and dried overnight in air at 393 K. The dried powders were then placed on a semicircular fused 

quartz boat that was open on both sides to facilitate gas flow over the sample. The boat was 

placed inside a fused quartz tube (ID=22 mm), and centered inside a tube furnace (SC 11R, 8 in 

length, 1.25 in diameter/MELLEN Company Inc.). Before heating, the tube was first purged with 

NH3, whose flow rate was then stabilized at 20mL/min for the reaction using a calibrated 

flowmeter (Cole-Parmer 150 mm flowmeter). Samples were quickly heated to 573 K (5 K/min), 

and then more slowly (1 K/min) raised to their final reaction temperature (773 to 923 K for x = 

0.50, 823 K for x = 0.25 and 0.75), where they were kept for 3 hours. Afterwards, samples were 

cooled to room temperature (5 K/min). Interestingly, Mo did appear to inhibit the formation of 

Co metal for mixed samples (x = 0.25, 0.50, and 0.75) synthesized at 823K, a temperature at 

which CoO will completely reduce to Co metal under flowing ammonia. As recommended,
[119]

 

reaction products were passivated overnight in N2 gas at room temperature to prevent rapid and 

highly exothermic oxidation of the reaction product containing Co metal on air exposure. The 

phase “Mo2N” (x = 0.0) was synthesized according to the literature method
[46]

 using the same 

soluble Mo precursor, but a slightly different thermal treatment (5 K/min to 623 K, 0.5 K/min to 

723 K, 2.5 K/min to 973 K, 3 hour hold at 973 K, same cooling procedure as mixed Co/Mo 

samples). CoO and CoN (x = 1.0) could not be synthesized under similar conditions due to the 

ease with which Co
2+

 is reduced, and commercially available powder CoO (Alfa Aesar, 95%) 

was used for activity comparisons. Carbon-supported samples (CoxMo1-xOyNz/C) were prepared 

in an analogous manner with the only change being that carbon black (Vulcan XC72R) was 
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added into the initial aqueous solution allowing the catalyst to impregnate overnight during the 

drying process.  

2.2.2 Sample Characterization 

The crystal structures of reaction products were analyzed with an X-ray diffractometer 

(D8 Advance, Bruker AXS) set to a diffraction radius of 300 mm in a Bragg-Brentano (θ-θ) 

geometry, using Cu Kα radiation (Kβ line removed with Ni foil), and with a 192 channel LynxEye 

position sensitive strip detector whose energy level settings were changed to a lower level of 

0.19 V and a window of 0.06 V to filter out Co fluorescence within the limited energy resolution 

of this detector (~25%). Scans were collected using a fixed divergence slit of 0.6º, with a step 

size of 0.02º over the 2θ range of 7 to 120º and a count time of 9 hours. Routine pattern indexing 

and phase identification was done using the JADE software package. 

Scanning electron microscopy (SEM) analysis was carried out on a JEOL 7600F 

microscope coupled with energy-dispersive X-ray spectroscopy (EDX). Transmission electron 

microscope (TEM) imaging studies were performed using an FEI Titan 80-300, equipped with a 

post-specimen aberration corrector (CEOS) operated at 300 kV. Scanning transmission electron 

microscopy (STEM) was performed with a cold-field emission Hitachi HD2700C, equipped with 

an aberration-corrector for the electron probe, operated at 200kV. This instrument is equipped 

with a Bruker EDS spectrometer and a high-resolution Gatan Enfina electron energy loss 

spectrometer (EELS). 

A PHI 3056 X-ray Photoelectron Spectroscopy (XPS) spectrometer with an Al source in a 

2x10
-10

 Torr vacuum chamber was used to characterize the surfaces of the catalyst particles. The 

instrument was calibrated before use with gold and silver foils. Samples were pressed into 

indium foil (Alfa Aesar) and the foil was attached to the sample holder using carbon tape. High 
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resolution scans were taken with a 5.85 eV pass energy, 0.05 eV energy step, and 100 repeats to 

reduce instrument noise. Charging effects were compensated by shifting binding energies based 

on adventitious carbon 1s peak (284.8 eV). MoO2 (Alfa Aesar, 99.95%) and MoO3 (Alfa Aesar - 

Puratronic) powders were used to determine the Mo 3d5/2 / Mo 3d3/2 ratio for the instrument 

(65%/35%). Peak fits and atomic surface concentration analysis was performed using PHI 

Multipack software.  

X-ray absorption near-edge structure (XANES) spectroscopy measurements on the Co K-

edge and Mo L2,3-edge were collected at beamline X19A of the National Synchrotron Light 

Source (NSLS) at Brookhaven National Laboratory (NSLS). As-synthesized sample powders 

were mounted on Kapton tape and spectra were measured in fluorescence mode using a Lytle 

detector. The beam intensity was detuned to 60% for the Co K edge and 50% for the Mo L edge 

to eliminate harmonic contamination. For the Co K-edge edge (7709 eV) only, extended X-ray 

absorption fine structure (EXAFS) spectra were collected from 150 eV below to 1000 eV above 

the edge.  Metallic Co foil was used as the reference for energy calibration.  XANES and EXAFS 

data fitting was processed using Athena and Artemis.
[122]

 The EXAFS signals χ(k) were isolated 

from fluorescence data using AUTOBK polynomial background removal. Fourier transforms 

were calculated using k
2
 weighting with a Hanning window function.  

2.2.3 Electrochemical Measurements  

Catalyst inks for electrochemical testing were prepared by adding 10mg CoxMo1-xOyNz/C 

powders to a mixture of 500 μL Milli-Q water, 500 μL isopropyl alcohol (70% v/v, Aldrich), and 

50 μL Nafion (5 wt%, Aldrich), and then sonicating for 30 min to disperse the catalysts in the 

ink. Afterwards, 15μL of fresh catalyst ink were cast onto a glassy carbon (GC) disk electrode 

(0.196 cm
2
 geometrical areas, Pine Research Instrument) and dried at room temperature. The 
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typical catalyst loading was about 0.7 mg/cm
2
. A conventional three-electrode glass cell was 

used for all electrochemical measurements at room temperature, with an electrolyte solution of 

either 0.1 M HClO4 or 0.1 M KOH. In acid solutions, an Ag/AgCl reference electrode was used 

while a saturated calomel electrode was used in basic solutions, and a Pt foil was used as the 

counter electrode for all solutions. Cylic voltammetry (CV), rotating disc electrode (RDE), and 

rotating ring disc electrode (RRDE) measurements were carried out to evaluate ORR activities. 

CVs were recorded without rotation in solutions saturated with either Ar or O2 gas. All CV and 

RDE measurements were carried out from 0.05 to 1.0 V vs. RHE at a scan rate of 10 mV/s. 

Chronoamperometric testing of Co0.50Mo0.50OyNz/C was conducted in O2-saturated 0.1 M HClO4 

(0.4 V vs. RHE) and 0.1 M KOH (0.6 V vs. RHE) at room temperature.  

All RDE measurements were collected in O2-saturated solutions with a rotation speed of 

100-2500 rpm. The Koutecky-Levich equation was used to determine the number of transferred 

electrons during oxygen reduction reaction. This equation is expressed as 1/j=1/jk+1/(Bω
1/2

), 

where B=0.62nFCO2D
2/3
υ

-1/6
, j is the measured disk current density, jk is the kinetic current 

density, ω is the rotation speed, n is the electron transfer number, F is the faraday constant, CO2 is 

the concentration of dissolved oxygen in electrolyte, D is the diffusion coefficient of dissolved 

oxygen, and υ is the kinematic viscosity of the electrolyte. CO2 is 1.38 × 10
-6

 mol/cm
3
 in 0.1 M 

HClO4 and 1.20 × 10
-6

 mol/cm
3
 in 0.1 M KOH. D equals 1.67 × 10

-5
cm

2
/s in 0.1 M HClO4 and 

1.90 × 10
-5

cm
2
/s in 0.1 M KOH. υ is around 0.010 cm

2
/s in both electrolytes.  

For RRDE measurements, a rotating ring disk electrode with a glassy carbon disk and a 

Pt ring was used (Pine Instruments). The disk electrode was scanned from 0.05 to 1.0 V vs. RHE 

at 10 mV/s while holding the ring electrode at 1.2 V vs. RHE in O2 saturated 0.1 M HClO4 or 0.1 

M KOH. The electron transfer number (n) was determined as n = 4Id/(Id+Ir/N), and the H2O2 
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peroxide fraction as (4-n)/2, where Id is disk electrode current, Ir is the ring electrode current, and 

N is collection efficiency.   

2.3 Results and Discussion 

2.3.1 Crystal Structure 

Catalyst powders with nominal compositions of CoxMo1-xOyNz were synthesized (x = 0.0, 

0.25, 0.50, and 0.75) or purchased (x = 1.0) to investigate their potential for ORR 

electrocatalysis. The soluble cation precursors Co(NO3)2∙6H2O and (NH4)6Mo7O24∙4H2O were 

reacted under flowing ammonia at relatively low temperatures (773 – 973 K) with the goal of 

producing rock salt products. Temperatures and reaction times were optimized to minimize the 

amount of reaction side products (typically Co metal or Co3Mo3N). The impurity Co3Mo3N was 

thermodynamically favored at temperatures of 873 K and higher (Figure 2.1a). The less ionic 

(more metallic) character of Co3Mo3N is consistent with the lower chemical potential of nitrogen 

(μN) expected at higher temperatures where the formation of N2 is entropically favored. 

Interestingly, Mo did appear to inhibit the formation of Co metal for mixed samples (x = 0.25, 

0.50, and 0.75) synthesized at 823K, a temperature at which CoO will completely reduce to Co 

metal under flowing ammonia. X-ray diffraction patterns of reaction products (Figure 2.1b) 

showed that the rock salt phase CoxMo1-xOyNz was present for all mixed compositions studied. A 

closer inspection of the X-ray patterns shows that a substantial amount of Co metal is present in 

the x = 0.75 sample while a small amount of Co metal can be seen in the x = 0.50 phase, and no 

Co metal can be resolved in the x = 0.25 pattern. The values of the cubic lattice parameter and 

the primary particle size obtained from whole-pattern (Le Bail) fitting (Table 2.1) indicate that 

the cubic lattice parameter decreases with decreasing Co content, though Mo2N is an outlier from 

this trend. The primary particle size was found to be about 10 nm for Mo2N and 4 – 5 nm for the 
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bimetallic samples, substantially lower than the 30 nm of the purchased CoO. The peak widths of 

the rock-salt phase were much broader than that of the Co3Mo3N structure (77 nm crystallite 

size) that formed at higher temperatures. 

 

 

Figure 2.1 (a) XRD patterns of Co0.50Mo0.50OyNz/C treated from 773 K to 923 K. (b) XRD 

patterns of CoxMo1-xOyNz/C synthesized at 823K with different Co/Mo ratios.  
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Table 2.1 Lattice parameters and estimated crystallite size of CoxMo1-xOyNz/C obtained from Le 

Bail refinements. 

 x = 0.0
[a] 

x = 0.25 x = 0.50 x = 0.75 x = 1.0
[b]

 Co3Mo3N 

T (K) 973 823 823 823 N/A 923 

a (Å) 4.1948(2) 4.149(1) 4.172(3) 4.255(2) 4.2604(1) 11.0386(3) 

Crystal Size (nm) 10.1(2) 4.06(7) 4.29(5) 4.6(4) 30.1(1) 77 

Strain e0 0.30(1) 0.4(8) 0.8(4) N/A 0.05(1) 0.05(2) 

[a]
 Mo2N. 

[b]
 CoO. 

2.3.2 Electrochemical Performance 

2.3.2.1 ORR Activity in Acid Electrolyte 

The ORR activity of carbon-supported CoxMo1-xOyNz compounds was assessed by cyclic 

voltammetry measurements and rotating disk electrode (RDE) measurements. First, the acidic 

ORR activities of Co0.50Mo0.50OyNz that had been treated at different temperatures were 

compared (Figure 2.2). The best activity was obtained for the sample treated at 823 K, which had 

an onset potential of 0.645 V vs. RHE and reached a current density of 4.1 mA/cm
2
 at 0.20 V vs. 

RHE in RDE measurements (Table 2.2), which is close to the diffusion-limited current density 

expected for a four electron pathway.
[111]

 The ORR activities rapidly drop for samples treated at 

873 K and above. The 923 K sample was phase-pure Co3Mo3N, which can clearly be seen to be 

inactive for ORR electrocatalysis. Composition also impacts ORR performance (Figure 2.3 and 

Table 2.3). The bimetallic oxynitride Co0.50Mo0.50OyNz had substantially better activities than 

binary Mo2N and CoO which suggests that Co substitution into Mo2N enhanced its activity for 

oxygen reduction by about 0.2 V. However, it was discovered that only a portion of the Co was 

incorporated into the oxynitrides and that the true compositions are Mo-rich relative to the 

nominal composition, as will be discussed in more details later. The balance of cobalt was 
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present as metallic Co which has no ORR activity. The compounds Co0.75Mo0.25OyNz/C and 

Co0.25Mo0.75OyNz/C both exhibited ORR activity, though at a rate only slightly higher than that of 

Mo2N. The activity of Co0.50Mo0.50OyNz is substantially better than reported ZrOxNy
[117]

 and 

TaOxNy,
 [118]

 whose current densities were only about 50 μA/cm
2
 at 0.4 V, far lower than the 3 

mA/cm
2
 measured for Co0.5Mo0.5OyNz at the same voltage. 

 The Co0.50Mo0.50OyNz/C catalyst has a moderate activity better than that of binary Mo2N 

but lower than that of the well-known standard noble-metal catalysts, as seen in its Tafel slope 

(Figure 2.4a) of -160 mV/dec, a value significantly larger than that of Pt/C (-87 mV/dec). RDE 

measurements of Co0.50Mo0.50OyNz/C (823K) in HClO4 were carried out at rotation speeds of 

100-2500 rpm to study its ORR kinetics (Figure 2.4b and c). At low overpotentials, both two and 

four electron reductions take place. When the potential is lower than 0.35 V vs. RHE, the 

calculated number n of transferred electrons from Koutecky-Levich plot is 3.6. A rotating ring 

disk electrode (RRDE) measurement was also performed to better understand the ORR 

mechanism. The peroxide yield between 0.1 to 0.3 V vs. RHE is over 30% and the corresponding 

n is around 3.2, which is lower than the result from the Koutecky-Levich analysis (Figure 2.4d). 
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Figure 2.2 ORR data collected in 0.1 M HClO4: (a) linear sweep voltammetry curves (jO2-jAr) 

and (b) RDE (1600 rpm) curves of Co0.50Mo0.50OyNz/C treated between 773K and 923K. 

Table 2.2 ORR activities of Co0.50Mo0.50OyNz/C treated between 773K and 923K in 0.1 M 

HClO4. 

T (K) 773
 

823 873 923 

Eonset (V vs. RHE)
[a] 

0.605 0.645 0.561 0.259 

Ehalf (V vs. RHE)
[b] 

0.376 0.413 0.330 0.185 

j0.6V (mA/cm
2
)
[c] 

0.137 0.233 0.100 0.005 

[a]
 Eonset, the potential at which the ORR current density | jO2-jAr | exceeds 25 μA/cm

2
. 

[b]
 Ehalf, the 

potential at which the ORR current is 50% of its maximum. 
[c]

 j0.6V,the ORR current density at E 

= 0.60 V vs. RHE. 
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Figure 2.3 ORR data collected in 0.1 M HClO4: (a) linear sweep voltammetry curves (jO2-jAr) 

and (b) RDE (1600 rpm) curves of CoxMo1-xOyNz/C with different Co/Mo ratios synthesized at 

823 K. 

Table 2.3 ORR activities of CoxMo1-xOyNz/C with different Co/Mo ratios in 0.1 M HClO4. 

T (K) x = 0.0
 

x = 0.25 x = 0.50 x = 0.75 x = 1.0
 

Eonset (V vs. RHE)
 

0.472 0.561 0.645 0.587 0.294 

Ehalf (V vs. RHE)
 

0.231 0.295 0.413 0.288 0.111 

j0.6V (mA/cm
2
)
 

0.174 0.142 0.233 0.121 0.033 
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Figure 2.4 In O2 saturated 0.1 M HClO4: (a) Tafel plots of Co0.50Mo0.50OyNz/C (823K) and Pt/C. 

(b) RDE curves of Co0.50Mo0.50OyNz/C (823 K) with a rotation speed of 100-2500 rpm. (c) 

Corresponding Koutechy-Levich plots at a potential range of 0.20 to 0.35 V vs. RHE from 

bottom to top. (d) Percentage of peroxide and the electron transfer number of Co0.50Mo0.50OyNz/C 

(823K) based on the RRDE data. 
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2.3.2.2 ORR Activity in Alkaline Electrolyte 

Although CoxMo1-xOyNz/C samples have moderate activity in acid, they are exceptionally 

active in alkaline conditions (pH = 13). Both synthesis temperature and composition impact 

activity (Fig. 2.5, Tables 2.4 and 2.5). The highest activity is achieved by Co0.50Mo0.50OyNz/C 

(823K) with an onset potential as high as 0.918 V vs. RHE and an Ehalf of 0.758 V.  This is only 

about 0.1 V lower than commercial Pt/C samples (Etek) measured under the same conditions 

here and elsewhere.
[111]

 Among the various non-noble metal systems studied under basic 

conditions, only perovskite LaNiO3 is clearly better than Co0.50Mo0.50OyNz/C based on a 

comparison of onset potentials and currents at fixed potential (Table 2.6). The diffusion-limited 

current density of Co0.50Mo0.50OyNz/C is about 4.8 mA/cm
2
 which is very close to that of Pt (5.0 

mA/cm
2
). Above 0.8 V vs. RHE, the Tafel slope is -71 mV/decade (Fig. 2.6a), which is smaller 

than of Pt/C (-87 mV/dec). 

Analysis of Koutecky-Levich plots at potentials of 0.4 – 0.7 V vs. RHE (Fig. 2.6b and 

2.6c) gave n = 3.85, indicating a four-electron pathway is the dominant mechanism. RRDE data 

demonstrated that only 2-4% peroxide was produced, giving n = 3.9 (Fig. 2.6d). Durability 

testing of Co0.50Mo0.50OyNz/C (823K) indicates that the sample retains activity after extended 

operation in both alkaline (24 h at a potential of 0.6 V) and acidic (40 h at a potential of 0.4 V) 

environments (Fig. 2.7). In order to determine the catalytically active phase, Co0.50Mo0.50OyNz/C 

loaded onto carbon paper was analyzed after electrochemical measurements. It is found that the 

Co-Mo oxynitride phase is retained and identified by XRD after ORR tests in acid or alkaline 

solution, which indicates the oxynitride is the active phase to catalyze oxygen reduction. 
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Figure 2.5 In O2 saturated 0.1 M KOH: (a) RDE curves of Co0.50Mo0.50OyNz/C treated between 

773K and 923K. (b) RDE curves of CoxMo1-xOyNz/C with different Co/Mo ratios.  

Table 2.4 ORR activities of Co0.50Mo0.50OyNz/C treated between 773K and 923K in 0.1 M KOH. 

T (K) 773
 

823 873 

Eonset (V vs. RHE)
 

0.852 0.918 0.794 

Ehalf (V vs. RHE)
 

0.774 0.758 0.605 

j0.6V (mA/cm
2
)
 

4.83 4.30 1.97 

Table 2.5 ORR activities of CoxMo1-xOyNz/C with different Co/Mo ratios in 0.1 M KOH. 

T (K) x = 0.0
 

x = 0.25 x = 0.50 x = 0.75 x = 1.0
 

Eonset (V vs. RHE)
 

0.804 0.857 0.918 0.742 0.866 

Ehalf (V vs. RHE)
 

0.610 0.753 0.758 0.624 0.646 

j0.6V (mA/cm
2
)
 

2.39 3.53 4.30 1.96 4.09 
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Figure 2.6 In O2 saturated 0.1 M KOH: (a) Tafel plots of Co0.50Mo0.50OyNz/C (823K) and Pt/C 

derived from RDE data. (b) RDE curves of Co0.50Mo0.50OyNz/C (823 K) with a rotation speed of 

100-2500 rpm. (c) Corresponding Koutechy-Levich plots at a potential range of 0.40 to 0.70 V 

vs. RHE. (d) Percentage of peroxide and the electron transfer number of Co0.50Mo0.50OyNz/C 

(823K) based on the RRDE data. 
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Figure 2.7 (a) Chronoamperometry of Co0.50Mo0.50OyNz/C (823 K) in O2 saturated 0.1 M HClO4 

(E is held at 0.40 V for 40 h). (b) Chronoamperometry of Co0.50Mo0.50OyNz/C (823 K) in O2 

saturated 0.1 M KOH (E is held at 0.60 V for 24 h). 

Table 2.6 Summary of ORR activities in 0.1 M KOH for Pt and important non-noble 

alternatives. 

Source Materials E at j = -1 mA/cm
2
 (V vs. 

RHE) 

j0.6V (mA/cm
2
) 

This 

work 

Pt 

Co0.50Mo0.50OyNz 

Co0.25Mo0.75OyNz 

0.90 

0.80 

0.78 

4.60 

4.30 

3.53 

Ref. 
123

 LaNiO3 

LaCu0.5Mn0.5O3 

La0.75Ca0.25FeO3 

~0.87 

~0.70 

~0.62 

not provided 

~4.20 

~1.30 

Ref. 
71

 α-MnO2 

β-MnO2 

γ-MnO2 

~0.80 

~0.73 

~0.66 

~1.75 

~1.30 

~1.10 

Ref. 
111

 CoS-graphene hybrid ~0.80 ~4.50 
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2.3.3 Physical Properties 

Based on these ORR results, the composition of CoxMo1-xOyNz can be seen to strongly 

influence catalytic activity. X-ray diffraction patterns (Figure 2.1) revealed that mixed metal 

samples contained metallic Co and the true stoichiometry of these materials was likely Mo-rich 

relative to the nominal stoichiometry. Scanning electron microscopy (SEM), transmission 

electron microscopy (TEM), X-ray absorption near-edge structure (XANES) and X-ray 

photoelectron spectroscopy (XPS) measurements were carried out to better understand the 

properties of nominal Co0.50Mo0.50OyNz at the bulk and local scale, and to investigate the actual 

composition of the rock salt phase present in this material. 

2.3.3.1 Morphology 

Scanning electron microscopy (SEM, Fig. 2.8a) showed that Co0.50Mo0.50OyNz is 

composed of 0.3 – 1.0 μm particles with surface nanoparticles (20–30 nm) of Co metal, an acid-

soluble species which can be removed by washing with perchloric acid (Fig. 2.8b). Energy-

dispersive X-ray spectroscopy (EDX) studies find abundant oxygen and nitrogen in the rock salt 

phase, confirming that it is indeed an oxynitride.   

Given the large particle size of the rock-salt phase in SEM experiments, it is surprising 

that the X-ray coherence length observed for Co0.50Mo0.50OyNz (823K) was only about 5 nm. 

More local TEM studies find that sample heterogeneity exists for even the smallest rock-salt 

particles (~25 nm). When the thin edge regions of particles were observed, it could be clearly 

seen that they presented a heterogeneous morphology on a length scale of about 5 nm (Fig. 2.9) 

which is attributed to sample porosity arising from the reductive elimination (via evaporation) of 

cobalt metal during processing under reducing conditions (NH3 flow). Combined STEM-EDX 

studies were used to probe the Co and Mo distributions over local scale. It is clear that Mo is 
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distributed evenly through out the whole particle region. In contrast, Co clusters are only 

observed in the particle interior, suggesting the volatilization of Co readily occurs at the sample 

surface. Co loss from the exterior of particles is also seen in electron energy loss spectroscopy 

(EELS) line scan analyses (Fig. 2.10e and f).  These scans find Co even outside of the Co-rich 

clusters proving that the rock salt phase is a true bimetallic compound.  

       

Figure 2.8 (a) SEM image of Co0.50Mo0.50OyNz (823K) with smaller surface Co nanoparticles. 

(b) SEM image of Co0.50Mo0.50OyNz/C (823 K) after acid leaching. 

 

Figure 2.9 TEM image of Co0.50Mo0.50OyNz (823K). 
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Figure 2.10 (a) STEM image of Co0.50Mo0.50OyNz/C (823 K).(b) EDX spectra evenly distributed 

along a line scan (from left to right) through both Co-poor regions (edge) and Co-rich regions 

(center) identified through EDX mapping. (c) STEM EDX map of Co distribution. (d) STEM 

EDX map of Mo distribution. (e) EELS spectra of Co L-edge spectra at points along line scan. 

Co concentrations are higher in the center relative to the edge. (f) Mo M-edge EELS spectra 

from line scan. Mo is present at all positions across the line.   

(a) (b) 

(c) (d) 

(e) (f) 
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2.3.3.2 Bulk Valence State 

The valence states of Co and Mo in bulk CoxMo1-xOyNz were analyzed using X-ray 

absorption near edge spectroscopy (XANES). As seen in Fig. 2.11a, three characteristic features 

are present in the Co K-edge spectra – a pre-edge peak (~7709 eV), an edge jump (~7717 eV) 

and a white line (~7725 eV).
[124]

 There is a striking similarity between the patterns of 

Co0.50Mo0.50OyNz and Co0.25Mo0.75OyNz, suggesting that the Co environments in these samples 

are very similar. XANES data for Co0.50Mo0.50OyNz and Co0.25Mo0.75OyNz do not exhibit the 

isosbestic points that would be expected from a simple mixture of Co metal and CoO, indicating 

that the catalytically active phase is indeed a distinct bimetallic rock salt compound. In the Mo 

L2,3 edge spectra, Co0.50Mo0.50OyNz and Co0.25Mo0.75OyNz have a similar Mo environment (Figure 

2.11). The oxidation state of Mo in these two compounds is clearly higher than that in the 

reference compounds Co3Mo3N and Mo2N, and is highest for the Co0.50Mo0.50OyNz sample with 

the highest activity. The splitting of the white line around 2525 eV indicates that Mo may have 

an octahedral environment in these oxynitrides,
[125]

 as would be expected for the rock salt 

structure. 

An extended X-ray absorption fine structure (EXAFS) study of the Co K-edge can clearly 

distinguish between coordination environments of Co metal and ionic Co. Fitting was carried out 

for the first coordination shell (Fig. 2.12), which was modelled using Co-Co and Co-O paths. 

The calculated bond lengths between cobalt and anion for both samples (Table 2.7) are consistent 

with those deduced from the lattice parameters obtained from Le Bail fits of X-ray diffraction 

data. The EXAFS data for both Co0.50Mo0.50OyNz and Co0.25Mo0.75OyNz show a strong peak at 

about 2.48 Å indicative of the Co-Co bonding in Co metal. There is a shoulder at lower distances 

that can be well fit by assuming a component with octahedral coordination of Co that refines to 
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55% and 66% of the Co species in the x = 0.50 and 0.25 samples, respectively. The true 

compositions are thus Co0.18Mo0.82OyNz for x = 0.25 and Co0.35Mo0.65OyNz for x = 0.50. It is 

therefore concluded that the incorporation of CoO into the rock-salt structure of Mo2N occurs 

and is necessary for the enhanced ORR activity. 

 

 

Figure 2.11 XAFS studies of most active Co0.50Mo0.50OyNz/C sample. (a) XANES spectra near 

the Co K-edge indicating mix of metallic and divalent Co. (b) XANES spectra near the Mo L3-

edge, demonstrating that Mo valence is slightly higher than in Mo2N. 
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Figure 2.12 Co K-edge EXAFS spectra of (a) Co0.50Mo0.50OyNz/C and (b) Co0.25Mo0.75OyNz/C in 

R space. 

Table 2.7 EXAFS analysis of CoxMo1-xOyNz/C (x = 0.50 and 0.25). 

 x = 0.25
 

x = 0.50 

Fraction of Co-O/N
 

0.66 (±0.03) 0.55 (±0.02) 

R (Å) 2.06 (±0.04) 2.02 (±0.04) 

Composition Co0.18Mo0.82OyNz Co0.35Mo0.65OyNz 
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2.3.3.3 Surface Valence State 

XPS measurements were performed to further explore the properties on the surface. The 

Co 2p3/2 data collected for Co0.50Mo0.50OyNz/C (823K) and Co0.25Mo0.75OyNz/C (823K) samples 

exhibited a dominant peak  at 781.6 eV due to Co-O or Co-N species (Fig. 2.13a), consistent 

with bulk EXAFS results. An additional peak due to Co-OH species that form when Co metal is 

exposed to air was also commonly observed. The complete absence of metallic Co
0
 in the XPS 

signal of the catalytically active rock salt phases can be attributed to two factors – either the 

facile evaporative loss of this species at the outer few nanometers of catalyst particles, or its 

complete oxidation to CoO upon air exposure. This is in clear contrast to the catalytically 

inactive phase Co3Mo3N, whose Co 2p XPS data exhibits a third low energy Co species (778.4 

eV) which is due to covalent Co
0
 rather than ionic Co

n+
, as expected from the stoichiometry of 

this compound.The C 1s data for carbon black treated under NH3 (Fig. 2.13b) showed no oxygen 

and nitrogen on the carbon surface. The observed oxygen and nitrogen species must instead be 

on the catalyst, proving that the catalytically active surface (and not just the bulk) is an 

oxynitride.  

The Mo 3d XPS data is consistent with XPS data reported for other molybdenum 

nitrides.
[126] 

Deconvoluting the concentration of each Mo species is complicated by the presence 

of dual Mo peaks for each individual species due to excitation of both Mo 3d5/2 and Mo 3d3/2 

electrons. The separation and relative intensities of the Mo 3d5/2 and Mo 3d3/2 peaks, were 

estimated using a pure MoO3 reference sample, which gave two peaks with a 3.1eV apart and 

with an intensity ratio of 65%/35%. This separation of ~3.1eV indicates that the measured low 

energy Mo 3d5/2 species, located at 229 and 230 eV, have a corresponding Mo 3d3/2 peak at 232.1 

and 233.1 eV. These higher energy Mo 3d3/2 peaks directly overlap with the Mo 3d5/2 peak 
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located at 232.8 eV for Mo
6+

. The known ratio of Mo 3d5/2 / 3d3/2 was therefore used to 

deconvolute the contribution of overlapping peaks at these energies. XPS indicated that the top 

few nanometers of Co0.50Mo0.50OyNz/C and Co0.25Mo0.75OyNz/C samples contained about 17 at% 

Mo
2/3+

, 30 at% Mo
3/4+

, and 53 at% Mo
6+

. This ratio remained essentially unchanged after air 

exposure indicating that the reduced Mo species are quite stable (Fig. 2.13c), indicating that the 

synthesis temperature (and presumably the overall sample stoichiometry) was the major factor 

determining the Mo valence. Interestingly, Co0.50Mo0.50OyNz/C (773K) did not contain the lowest 

oxidation state Mo
2/3+

 species. This Mo data, along with the Co data, indicates reactions at higher 

temperatures clearly lead to a preferential reduction in the Mo valence on the surface; Co seems 

unaffected. The 823K sample with Mo
2/3+

 performs better activity than the 773K sample without 

Mo
2/3+

. This suggests that the Mo oxidation state is closely correlated with the electrochemical 

activity of the rock salt phase, and it is hypothesized that there are viable substitutional strategies 

which will give an optimal Mo valence and provide new routes to increase the activity.  

The N 1s data demonstrates that there are significant concentrations of nitrogen species 

near the surface (Fig. 2.13d). Significant peak overlaps are observed for the Mo 3p3/2 and N 1s 

species (~394-399 eV). Using the MoO3 data to correct the Mo 3p signals, it is possible to 

identify two unique N 1s species, Co/Mo-N (~397.6 eV) and N-H (~399.3 eV). This data 

confirms the formation of metal-nitride bonds as well as the presence of residual NH bonds 

which are due to either the incomplete reaction of NH3 or a reaction with atmospheric water. By 

extracting the Mo signal from the N 1s peak, it was possible to estimate the surface composition 

(Table 2.8 and 2.9). The net Co:Mo ratio for Co0.50Mo0.50OyNz/C and Co0.25Mo0.75OyNz/C were 

approximately 1:1 and 1:3, consistent with the nominal stoichiometries. Analysis of the O to N 

ratios revealed that the Co0.50Mo0.50OyNz/C was richer in oxygen (33.5:45.1 at%) than the 
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Co0.25Mo0.75OyNz/C (27.9:54.2 at%). This confirms that Mo is more reactive towards N than Co, 

as expected based on the compositions of the binary end members. 

 

 

Figure 2.13 (a) Co 2p XPS data collected for Co0.50Mo0.50OyNz/C (823 K). (b) C 1s XPS data 

collected for carbon black treated in NH3. (c) Comparison of Mo 3d XPS data collected for 

Co0.50Mo0.50OyNz/C (823 K) as synthesized and after air exposure for one month, and for 

Co0.50Mo0.50OyNz/C (773 K). (d) N 1s XPS data collected for Co0.50Mo0.50OyNz/C (823 K). 
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Table 2.8 XPS analysis of CoxMo1-xOyNz/C (x=0.50 and 0.25), MoO3, Co3Mo3N, and carbon 

black treated under NH3 at 823K. All samples were studied as synthesized, except for those 

marked as “degraded” (extended air exposure of ~ 1 month) or as “after ORR”. 

Sample Mo 

3d5/2 

Mo
0
 

Mo 

3d5/2 

Mo
2+/3+

 

Mo 

3d5/2 

Mo
3+/4+

 

Mo         

3d5/2 / 3d3/2 

Mo
6+

  

Co 

2p3/2 

Co
0
 

Co   

2p3/2 

Co-O/N 

Co    

2p3/2 

Co
3+

-O/N 

Co 

2p3/2 

Co-OH  

x=0.50 w/CB 

773K 

  230.29 232.83  781.67  785.33 

% 
[a]

   35.4 64.6  76.3  23.7 

x = 0.50 w/CB 

823K 

 229.24 230.1 232.82  781.78  785.36 

% 
[a]

  22.8 23.0 57.6  81.6  18.4 

x = 0.50 w/out 

CB  823K 

 229.11 230.12 232.41  781.26  784.76 

% 
[a]

  19.2 29.7 51.1  78.7  21.3 

x = 0.50 823K 

after ORR test in 

KOH 

 229.76 230.70 232.45  781.29  784.27 

% 
[a]

  18.1 14.0 67.9  74.2  25.8 

x= 0.50 w/ CB  

823K - degraded 

 229.48 230.55 232.83  781.68  785.02 

% 
[a]

  26.7 25.2 48.0  80.7  19.3 

x = 0.25 w/ CB 

823K 

 229.26 230.32 232.87  781.79  785.51 

% 
[a]

  16.9 31.7 51.4  82.1  17.9 

x=0.25 w/ CB  

823K - degraded 

 229.23 230.34 232.86  781.90  784.90 

% 
[a]

  17.4 28.3 54.3  75.8  24.2 

Co3Mo3N 227.77 228.86 231.09 232.25 778.39 781.16 783.54  

% 
[a]

 26.7 28.6 39.9 4.8 24.0 51.7 24.3  

MoO3    233.13     

% 
[a]

    100     

 



 

64 

 

Sample Mo 3p3/2 Mo 3p3/2 N 1s 

Co/Mo-N 

N 1s 

NH 

O 1s 

Co/Mo-O 

O 1s 

Co/Mo-OH or C-O 

x = 0.50 w/ CB 773K  395.38 397.55 398.56 530.64 532.09 

% 
[b] 

  67.1 22.9 74.1 25.9 

x = 0.50 w/ CB 823K  395.41 397.52 399.37 530.69 531.98 

% 
[b]

   64.6 35.4 74.1 25.9 

x = 0.50 w/out CB  

823K 

 395.52 397.54 399.19 530.84 532.37 

% 
[b]

   53.0 47.0 77.1 22.9 

x = 0.50 823K after 

ORR test in KOH 

 395.593 398.08 400.07 [c]  

% 
[b]

   71.3 28.7   

x = 0.50 w/ CB  823K 

- degraded 

394.87  396.91 398.85 530.29 531.98 

% 
[b]

   66.6 33.4 78.9 21.1 

x = 0.25 w/ CB 823K  395.38 397.59 399.54 530.72 531.98 

% 
[b]

   64.0 36.0 70.4 29.6 

x = 0.25  w/ CB  

823K - degraded 

 395.28 397.54 399.42 530.94 532.71 

% 
[b]

   54.4 45.6 80.6 19.4 

Co3Mo3N 393.81 395.64 397.73 399.79 530.46 533.10 

% 
[b]

   83.7 16.3 90.0 10.0 

[a]
 Due to the overlap of the Mo 3d3/2 signals from the Mo

2/3+ 
and Mo

3/4+
 species with the Mo3d5/2 

signal of Mo
6+

, the concentrations of Mo
2/3+

, Mo
3/4+

 and Mo
6+

 species were estimated by 

measuring the Mo 3d5/2 and Mo 3d3/2 signals, using a least squares fit for MoO3, and calculating 

the relative intensity of these two signals (Mo 3d5/2:Mo 3d3/2 = 1.8). This factor was used to 

estimate the Mo 3d3/2 intensity from the Mo
2/3+ 

and Mo
3/4+

 species, which overlap with the Mo 

3d5/2 signal for Mo
6+

 (~233 eV). The percent of each Mo
6+ 

surface species was then estimated by 

subtracting the calculated Mo 3d3/2 signal from the Mo
2/3+ 

and Mo
3/4+

 species, then normalizing 

the percent species to this calculated value. 

[b] 
N concentrations calculated removing Mo 3p component. 
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[c]
 O 1s signal for sample after ORR test is affected by Nafion component mixed in the sample. 

The actual O percentage in the sample can not be accurately determined. 

Table 2.9 Atom fractions calculated from XPS analysis of CoxMo1-xOyNz/C (x =0.50 and 0.25), 

MoO3, Co3Mo3N, and carbon black treated under NH3 at 823K.  

Sample  C:Co:Mo:O:N Co:Mo:O:N 

x = 0.50 w/ CB 773K 59.7 – 4.5 – 4.0 – 15.2 – 16.7 11.5 – 9.7 – 38.7 – 40.1 

x = 0.50 w/ CB 823K 52.1 – 5.2 – 5.7 – 16.4 – 20.6 9.9 – 11.4 – 33.5 – 45.1 

x = 0.50 w/out CB  823K 12.3 – 8.8 – 10.7 – 30.5 – 37.8 10.0 – 12.1 – 34.8 – 43.1 

x = 0.50 w/CB  823K - degraded 53.3 – 4.8 – 5.6 – 15.7 – 20.8 10.3 – 12.1 – 33.7 – 43.9 

x = 0.25 w/ CB 823K 66.1 – 1.9 – 6.0 – 12.3 – 13.8 4.9 – 13.0 – 27.9 – 54.2 

x = 0.25 w/ CB  823K - degraded 62.9 – 2.1 – 5.1 – 11.9 – 18.1 5.5 – 13.6 – 32.0 – 48.8 

Co3Mo3N 15.8 – 15.1 – 13.7 – 35.0 – 20.3 18.0 – 16.3 – 41.6 – 24.2 

Carbon black in NH3 100.0 – 0 – 0 - 0 – 0  
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2.4 Conclusions 

In conclusion, non-noble CoxMo1-xOyNz/C catalysts exhibit moderate ORR activity in 

acidic conditions and superb activity in alkaline conditions which is only 0.1 V away from the 

performance of Pt/C. The oxynitrides were synthesized by a solution impregnation method 

followed by ammonolysis at medium temperatures. Samples of nominal composition 

Co0.50Mo0.50OyNz/C treated at 823K demonstrated the best activity (Eonset = 0.918 V vs. RHE in 

base and Eonset = 0.645 V vs. RHE in acid). Koutechy-Levich and RRDE analysis indicated that a 

four-electron or nearly four-electron pathway for ORR occurred in acid at low potential range 

and in alkaline at relatively high potential range. Chonoamperometry measurements indicated 

that the oxynitride remained active and stable after long-term operation. EDX and EELS studies 

in STEM mode clearly showed that Mo was distributed throughout the particle while Co clusters 

were distributed in the interior region, suggesting the formation of Mo-rich oxynitride which is 

in consistent with XRD and EXAFS analysis. Although some cobalt metal is invariably formed 

during syntheses, ionic cobalt is demonstrated to be integrally substituted into the rock-salt 

structure in the bulk and on the surface to form a bimetallic cobalt molybdenum oxynitride with 

nanoscale (~5 nm) texture that is catalytically active for oxygen reduction. It is suggested that 

strategies for tuning the metal oxidation states within the oxynitride phase are likely to lead to 

further enhancements in ORR activity with the potential of matching or exceeding the activity of 

Pt. 
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Chapter 3. Binary Molybdenum Nitride Electrocatalyst for Oxygen Reduction Reaction 

3.1 Introduction 

Investigating efficient and effective electrocatalysts using renewable energy as a 

conversion resource to satisfy the incremental worldwide energy demand has become 

increasingly important. Hydrogen fuel cells such as polymer electrolyte membrane fuel cells 

(PEMFCs) have been attracted intensive research attentions due to its high specific energy 

density and low operating temperature.
 
In PEMFCs, it is more difficult to catalyze oxygen 

reduction reaction (ORR) on the cathode due to the sluggish kinetics of 4-electron reaction 

compared to the 2-electron anode reaction. Platinum and platinum related alloys have been 

considered and used as efficient cathode catalysts for ORR in PEMFCs.
[18]

 However, the high 

cost of and tremendous scarcity of platinum remain to be obstacles for the commercialization of 

PEMFCs. The development of alternative non-noble metal based catalysts is highly desirable. 

Transition metal macrocycles, oxides, carbides and nitrides have been widely investigated for 

ORR catalysis.
[27,127-129]

 Transition metal catalysts in Group 4-5 such as zirconium oxide, 

titanium nitride and tantalum oxynitride showed slight ORR activities but excellent stabilities in 

acidic electrolyte.
[27,130]

 Transition metal macrocycles containing Co, Fe or Cu have shown a 

good ORR activity and long-term durability which is comparable to Pt.
[128]

 

Another group as promising alternatives to Pt for catalysis applications is transition metal 

nitrides, as they can have both low electrical resistance and good corrosion resistance.
[27]

 

Compared to oxide, the surface of the nitride is modified by the formation of metal-nitrogen 

bonding. It is easier to donate electrons to oxygen molecule on the nitride surface, which 

facilitates the process of ORR. Previously, both MoN and Mo2N have been demonstrated to 

exhibit ORR activities and to proceed oxygen reduction by a nearly four electron process in 
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PEMFCs.
[46,116,131]

 Preliminary durability tests suggested that no decay in performance was 

observed for Mo2N (60 h) and MoN (10 h) in 0.5 M H2SO4.
[97,98]

 Therefore, further 

modifications of these molybdenum nitrides may enhance its activity and/or stability. 

In acidic condition, the ORR activity of MoN is higher than that of Mo2N. Density 

functional theory studies indicate that the hexagonal crystal structure and suitable geometric site 

of MoN facilitate oxygen adsorption and lead to the enhanced ORR activity relative to Mo2N.
[131]

 

It is worthwhile to study the correlation between crystal structure and ORR activity of 

molybdenum nitride. Monometallic molybdenum nitrides are reported to typically have stable 

structures which are based on simple close-packed geometries. One such compound is cubic 

Mo2N which has a face centered (fcc) rock salt structure with an ABC repeat sequence of layers. 

The coordination environment of Mo within the rock salt structure would consist of only MoN6 

octahedra if nitrogen site was fully occupied. However, the nitrogen site is only half-occupied 

when the Mo : N stoichiometric ratio is 2 : 1, so it is expected that Mo cations have a reduced 

coordination number, an ususualy geometry which is perhaps stabilized by the low average Mo 

valence of +1.5. Another compound with only octahedral local environments is δ3-MoN with the 

NiAs structure type that has the simple two-layered hexagonal close packed (hcp) stacking of 

octahedral layers in an AB sequence. δ1-MoN has an X-ray diffraction pattern that is nearly 

indistinguishable from that of δ3-MoN, however, it has been reported to have a structure based 

on the WC prototype (only A layers) in which Mo is found exclusively in a trigonal prismatic 

MoN6 environment. By modifying synthesis condition or doping additional transition metal 

element, mixture of trigonal prisms and octahedra can be achieved in Mo5N6 and 

(Fe0.8Mo0.2)MoN2.
[132-134]

 Comparing ORR activities of molybdenum nitrides with various MoN6 

coordination environments will help to understand the structural impact on catalytic activity.  
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In this study, molybdenum nitrides with different prototypes were selected as cathode 

catalysts toward ORR in acidic electrolyte. The relationship among crystal structure, 

morphology, electronic structure and ORR activity have been studied.  

3.2 Experiment Section 

3.2.1 Sample Preparation 

A series of bulk molybdenum nitride samples were prepared by ammonolysis of different 

molybdenum precursors at elevated temperatures as reported earlier (Table 3.1).
[132]

 Various 

precursors such as MoO3 (99.95%, Alfa Aesar) and (NH4)6Mo7O24• 4H2O (99.997%, Alfa Aesar) 

can be used to prepare Mo2N. The oxide precursor was heated under NH3 at 5°C/min to 250°C, 

0.5°C/min to 350°C, 2.5°C/min to 700°C and held at 700°C for 3 hours. δ-MoN was synthesized 

by treating MoCl5 under NH3 at 5°C/min to 600°C. The precursor was held at 600°C for 3 hours 

and then quenched to room temperature. It should be noted that MoCl5 will react with moisture 

and will be partially oxidized immediately when it is exposed to air. Precursor with partial 

oxidation leads to a mixture of δ-MoN and Mo2N as the final product. Mo5N6 was synthesized by 

heating MoS2 under NH3 at 5°C/min to 750°C for 20 hours. 

Table 3.1 Synthesis conditions for molybdenum nitrides. 

Sample Precursor 
Reaction 

Temperature (°C) 

Reaction 

Time (h) 

Gas flow rate 

(cm
3
/min) 

Mo2N MoO3 700 3 50 

δ-MoN MoCl5 600 3 50 

Mo5N6 MoS2 750 20 100 
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3.2.2 Characterization 

X-ray powder diffraction patterns (XRD) were obtained from a D8 Advance X-ray 

diffractometer (Bruker, AXS, λ = 1.54 Å) with a LynxEye detector set to a diffraction radius of 

300 mm. Scans were collected using a fixed divergence slit width of 0.6 º, a 2θ range of 7 to 120 

º and a collection time of 1.5 s per step. Time-of-flight neutron diffraction measurements were 

performed by use of the nanoscale-ordered materials diffractometer (NOMAD) at the Spallation 

Neutron Source (SNS), Oak Ridge National Laboratory. Approximately 100 mg of powder 

samples were loaded into a capillary (Φ = 2mm), with a data acquisition time of 100 mins for a 

total proton charge of 5.4 × 10
12

. Both neutron diffraction and neutron pair distribution function 

(NPDF) data were generated using the IDL software package developed for NOMAD 

instrument. High resolution synchrotron data were obtained at beamline 11-BM (λ = 0.413832 

Å) at the Advanced Photon Source (APS) of Argonne National Laboratory as samples were 

loaded into a 0.8 mm diameter Kapton capillary. TOPAS software package (Version 4.2, Bruker 

AXS) was used for Le Bail and Rietveld refinements of X-ray and neutron diffraction data.  

Scanning electron microscopy (SEM) analysis was carried out on a JEOL 7600F high 

resolution microscope with an energy-dispersive X-ray spectroscopy (EDX). Transmission 

electron microscopy (TEM) was performed on a JEOL 1400 microscope operated at an 

accelerating voltage of 120 kV. Thermogravimetric analysis (TGA) was performed using a 

Q5000 (TA instruments) to determine sample anion contents. TGA experiment was ran under 

flowing O2 (25 mL/min) with a ramp rate of 5 °C/min from room temperature to 150 °C, held for 

1 hour; then from 150 °C to 500 °C and held for 2 hours. Alternating current (ac) susceptibility 

measurements were carried out using the Quantum Design Magnetic Property measurement 

system. Powder samples were placed in standard gelatin capsules and then cooled to 2K at zero 
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magnetic field. The temperature dependence of ac susceptibility was measured at a static 

magnetic field of 2 Oe.   

3.2.3 Electrochemical Measurements 

Catalyst inks for electrochemical testing were prepared by adding a mixture of 2 mg 

nitride sample and 2 mg carbon black (Vulcan XC72) to a solution of 500 μL Milli-Q water, 500 

μL isopropyl alcohol (70% v/v, Aldrich), and 50 μL Nafion-117 (5 wt%, Aldrich), and then 

sonicating for 30 min to disperse the catalysts in the ink. Afterwards, 25μL of fresh catalyst ink 

was dropped onto a glassy carbon (GC) disk electrode (0.196 cm
2
 geometrical area, Pine 

Research Instrument) and dried at room temperature. All electrochemical measurements were 

conducted in a three electrode conventional glass cell with an electrolyte solution of 0.1 M 

HClO4. Ag/AgCl was used as reference electrode and Pt foil was used as auxiliary electrode. 

Both cyclic voltammetry (CV) and rotating disc electrode (RDE) measurements were performed 

by sweeping from 0.05 to 1.0 V vs. RHE at a scan rate of 10 mV/s. CVs were recorded in acid 

solution saturated with either Ar or O2 gas. RDE measurements were collected in O2-saturated 

solution with a rotation speed of 1600 rpm.  

3.3 Results and Discussion 

3.3.1 ORR activities of molybdenum nitrides 

ORR activity of molybdenum nitride is strongly dependent on its crystal structure. There 

are two stable classes of molybdenum nitride structures those based on face centered cubic Mo2N 

or on hexagonal nitrides including different polytypes of δ-MoN and Mo5N6. Previous studies 

demonstrate that the preferred geometry of hexagonal structure is more suitable for oxygen 

adsorption which contributes to a higher ORR activity of MoN than Mo2N based on density 

functional theory calculations.
[131]
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Linear sweep voltammograms of these nitrides are shown in Figure 3.1. In both Ar and 

O2 atmosphere, reduction peaks around 0.45 V and 0.56 V are observed, especially for Mo2N and 

Mo5N6. These reduction peaks reflect the reduction of Mo ions upon cathodic polarization, which 

are not related to oxygen reduction. Cyclic voltammogram of Mo5N6 tested in Ar (Fig. 3.1d) 

clearly shows oxidation and reduction of Mo species. Because the valence states of Mo in the 

nitrides do not reach the highest state (6+), the surface Mo ions will change dependent on the 

electrode potential and pH. According to potential-pH equilibrium diagram for molybdenum-

water system,
[135]

 Mo ions tend to be oxidized to Mo
6+

 upon anodic sweep and then tend to be 

reduced to Mo
3+

 upon cathodic sweep in acidic condition. There is no obvious oxidation-

reduction peak for δ-MoN, indicating Mo on δ-MoN surface may possess a higher oxidation 

state. 

 In acid electrolyte, cubic Mo2N exhibits the lowest onset potential and current density 

which indicates that Mo2N with a rock-salt structure is not an active catalyst for ORR catalysis 

(Fig. 3.1e and Fig. 3.2a). The maximum current density of Mo2N is only 4 mA/cm
2
 that indicates 

ORR catalyzed by Mo2N is not a complete 4e
-
 process. In addition, the ORR current of Mo2N 

does not reach the diffusion limit, suggesting the kinetic control appears to be a dominant portion 

for the reaction. In contrast, nitrides with hexagonal structure exhibit enhanced activity. The 

diffusion current density for δ-MoN and Mo5N6 reaches 6 mA/cm
2
 respectively, which 

corresponds to a nearly 4e
-
 oxygen reduction process. The reaction on these two nitrides seems to 

be under a combined kinetic-diffusion control of charge transfer and mass transport. Mo5N6 and 

δ-MoN exhibit similar onset potential, though δ-MoN shows a faster kinetic at small 

overpotential range. This difference is probably related to crystallinity, morphology and surface 

oxidation state of Mo. Besides onset potential, Tafel slope can be used to evaluate the catalyst. 
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As can be seen in Fig. 3.2b, Mo2N has a large Tafel slope while Mo5N6 and δ-MoN have 

relatively smaller Tafel slopes, suggesting oxygen molecules can be reduced more easily on 

hexagonal molybdenum nitrides. However, the large values of Tafel slopes indicate further 

modifications on molybdenum nitrides are required to improve the ORR activity.  

 

Figure 3.1 Linear sweep voltammograms in Ar (dashed line) and O2 (solid line) saturated 0.1 M 

HClO4 for (a) Mo2N, (b) δ-MoN and (c) Mo5N6. (d) CV curve of Mo5N6 in Ar atmosphere. (e) 

Corresponding ORR polarization curves (jO2- jAr, no rotation) for Mo2N, δ-MoN and Mo5N6. 
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Figure 3.2 (a) RDE curves (1600 rpm) of Mo2N, δ-MoN and Mo5N6 in O2-saturated 0.1 M 

HClO4. (b) Corresponding Tafel plots of Mo2N, δ-MoN and Mo5N6. 

Table 3.2 ORR activities and Tafel slopes of Mo2N, δ-MoN and Mo5N6 in 0.1 M HClO4. 

 Mo2N
 

δ-MoN Mo5N6 

Eonset (V vs. RHE)
[a] 

0.472 0.680 0.675 

j0.6V (mA/cm
2
)
[b] 

0.101 0.500 0.215 

Tafel Slope (mV/dec) 190 100 105 

[a]
 Eonset, the potential at which the ORR current density | jO2-jAr | exceeds 25 μA/cm

2
. 

[b]
 j0.6V,the 

ORR current density at E = 0.60 V vs. RHE. 
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3.3.2 Crystal Structures 

Structure studies are needed to resolve the bulk coordination environment and oxidation 

state of the cations in the monometallic nitrides, as these two parameters can strongly impact 

catalytic activity. Two stable types of molybdenum nitrides those based on face centered cubic 

Mo2N or on hexagonal nitrides including different polytypes of δ-MoN and Mo5N6 can be 

obtained by ammonolysis of different precursors. Oxide precursors (MoO3 or 

(NH4)6Mo7O24∙4H2O) have been used to prepare Mo2N.
[136]

 MoCl5 has been used to synthesize 

nearly pure δ-MoN, while MoS2 has been used to produce Mo5N6.
[132]

 Two primary coordination 

environments of Mo atoms are found in these crystal structures. In cubic Mo2N, Mo has an 

octahedral coordination, though certain site is actually not occupied by nitrogen atoms. 

Hexagonal molybdenum nitrides contain various Mo coordination environments. δ1-MoN has a 

MoN6 trigonal prismatic unit while δ3-MoN has an octahedral coordination of Mo atoms. Both 

octahedral and trigonal polyhedral layers are present in hexagonal Mo5N6. Additionally, anion 

vacancies are present in nominal “Mo2N” and cation vacancies are present in Mo5N6.
[132,137]

 

The ammonolysis of Mo-containing precursors only produces nitrides. No evidence of 

metallic molybdenum, molybdenum carbides and molybdenum oxides is found in X-ray 

diffraction patterns. A comparison of their laboratory XRD patterns is provided in Figure 3.3, 

though a more detailed structural analysis was carried out for each phase using synchrotron and 

neutron diffraction data. It is distinguishable that Mo2N belongs to a different structure class 

compared to δ-MoN and Mo5N6. Mo2N is unique in having a cubic lattice. The remainders of the 

compounds have atom positons that are related to the simplest hexagonal lattice subcell, as seen 

in the strong diffraction peaks at the positions predicted by the subcell. In both X-ray and neutron 

diffraction data, significant peak broadening is present for all three molybdenum nitrides. Peak 
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broadening is attributed to both size and strain broadening induced from low temperature 

ammonolysis. In addition, anisotropic peak broadening for hexagonal nitrides are observed 

which can be ascribed to composition difference among each crystallite.
[143]

 The calculated 

crystallite size for Mo2N and δ-MoN was 28 nm and 34 nm respectively based on Le Bail 

refinement results. Mo5N6 exhibits a narrower peak width and a higher order of crystallinity due 

to relatively higher synthesis temperature and longer annealing time. The calculated crystallite 

size of Mo5N6 is around 68 nm.  

 

Figure 3.3 Laboratory X-ray diffraction data for Mo2N, δ-MoN and Mo5N6, showing that Mo2N 

belongs to a different crystal structure system compared to δ-MoN and Mo5N6. 

Table 3.3 Lattice parameters for Mo2N, δ-MoN and Mo5N6 based on Le Bail refinements of 

synchrotron X-ray data (11-BM, λ = 0.4138 Å) .  

 Mo2N δ-MoN Mo5N6 

Space group Fm-3m(225) P63/mmc(194) P63/m(176) P63/mmc(194) 

a (Å) 4.19841 (6) 2.8471(7) 4.89669(5) 2.82716(2) 

c (Å)  11.147(3) 11.0742(2) 11.0749(1) 

V (Å
3
) 74.003(4) 78.25(4) 229.957(6) 76.661(2) 
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Among these compounds, rock salt type Mo2N has the simplest lattice, and it can be 

indexed with a small fcc cubic unit cell with a = 4.19841 Å (Table 3.3). The small cell 

parameters result in only a handful of diffraction peaks being observed in laboratory XRD data. 

In order to have a sufficient number of peaks to allow the accurate determination of 

crystallographic parameters from Rietveld refinement, the structural analysis was carried out 

either using TOF neutron diffraction data or high energy synchrotron data (Fig. 3.4 and Table 

3.4). When the Mo occupancy was freely refined using the neutron diffraction data, a 

stoichiometry of MoN0.534 was obtained. This is very close to the ideal stoichiometry of Mo2N 

that has been previously proposed.  

Despite the consistency of the refined and expected stoichiometry, there are other 

indications that ideal stoichiometry of Mo2N may be an imperfect description for this compound. 

Although X-ray diffraction is less sensitive to the nitrogen content, the refinements of both 11-

BM data (MoN0.793) and X7B data (MoN0.67) suggest that the anion content is deviated away 

from the ideal stoichiometry. All three powder diffraction refinements were carried out on data 

collected from different sample preparations, so it is possible that the stoichiometry of this phase 

is sensitive to the details of the preparation conditions. The difference in the refined 

stoichiometries could potentially be attributed to the anion site containing a mixture of oxygen 

and nitrogen, which could result in the neutron refinement underestimating the anion site 

occupancy when the site is refined as only containing nitrogen. Previous studies demonstrated 

that ammonolysis of MoO3 produced molybdenum oxynitride (MoOxNy).
[138]

 The oxygen content 

in the bulk structure was detected via elemental chemical analysis. Our initial efforts to use 

electron microscopy techniques were inconclusive in identifying the incorporation of oxygen 

into the crystal structure.  
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Additionally, the background of the neutron diffraction data exhibits a shape 

characteristic for incoherent scattering, which is interpreted as originating from hydrogen in this 

sample. Ammonolysis reactions can incorporate hydrogen in a ceramic lattice in the form of 

either NH4
+
 cations or as complex anions (OH

-
, NH

2-
, etc.). NH4

+
 typically occupies sites 

suitable for large cations such as Na
+
 or K

+
, and there are no large sites of this type in rock salt 

type Mo2N. An examination of the Fourier diffrenece map of the neutron diffraction data showed 

no discrete peaks in the difference map that might be linked to hydrogen. While the present 

preliminary studies clearly idenfity the potential crystallographic complexities associated with 

Mo2N, more thorough studies are required to achieve a comprehensive understanding of this 

phase.  

Table 3.4 Refined atomic positions for Mo2N based on neutron Rietveld refinement. 

 Wycoff x, y, z Occupancy Beq (Å
2
) 

Mo 4a 0, 0, 0 1.0 0.93(4) 

N 4b ½, ½, ½  0.534(4) 1.34(6) 
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Figure 3.4 Rietveld refinement profiles for Mo2N using X-ray and time of flight neutron data. 

Synchrotron X-ray data: (a) λ = 0.3196 Å; (b) λ = 0.4138 Å. Neutron data are ordered by 

increasing scattering angles: (c) bank 2-2θ=31°; (d) bank 3-2θ=67°; (e) bank 4-2θ=122°; (f) bank 

5-2θ=154°. The black line indicates the observed data, the red line indicates the calculated data 

and the lower black line indicates the difference curve.  
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Two other nitrides belong to hexagonal structure class. Previous paper reported that 

diverse polytypes of δ-MoN can be generated and present due to various synthesis 

conditions.
[132]

 These polytypes can be indexed with either WC-type (δ1-MoN) or NiAs-type (δ3-

MoN) structure. The two structure types only differ in the arrangement of nitrogen atoms (or Mo 

coordination environment). The difference in the stacking sequence of nitrogen only results in 

weak intensities of superstructure peaks in X-ray diffraction which can not be easily resolved 

since X-ray is insensitive to light atoms. Hence, neutron technique has been applied to determine 

the position of nitrogen atoms because nitrogen has a strong coherent scattering length of 9.36 

fm and it is distinct from Mo atom which has a scattering length of 6.715 fm. 

Previous investigations claimed that δ1-MoN synthesized by MoCl5 was described by 

WC-type structure (space group P-6m2, a = 2.851 Å, c = 2.782 Å and Z = 1).
[139]

 δ3-MoN 

prepared by high-pressure and high-temperature annealing of δ1-MoN was proposed to form a 

2×2×1 supercell of the NiAs structure type (space group P63mc, a = 5.737 Å, c = 5.613 Å and Z 

= 8).
[140,141]

 Disorder of nitrogen atoms in δ1-MoN along c-axis was observed which made its 

crystal structure complicated.
[132]

 Although X-ray diffraction data for δ-MoN can be fitted with 

one layered structure model, the neutron diffraction pattern clearly demonstrates that δ-MoN 

does not have a simple WC-type structure in this study due to the presence of superstructure 

peaks at d = 1.64 Å and d = 2.06 Å (Fig. 3.5). The plausible model of δ phase can be described as 

a layer structure with a complex sequence of nitrogen layers containing both WC- and NiAs-type 

building blocks. Some pairs of adjacent layers have the same stacking sequence (ie AA) while 

other pairs have opposite stacking sequence (ie AB). Ganin et al. have proposed that a random 

stacking of nitrogen atoms is present in δ1-MoN which can not be easily modeled.
[132]

 In this 

study, the neutron diffraction data could be most effectively modeled using the space group 
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P63/mmc. δ-MoN is indexed with a unit cell of a = 2.8471 Å and c = 11.147 Å which can be 

expressed as a 1×1×4 supercell compared to WC-type unit cell (Fig.3.6). This supercell is 

generated by an alternative stacking sequence of MoN6 trigonal prism and octahedra. Although 

most peaks of δ-MoN can be well fitted by the four layered structure model, peak at d = 2.26 Å 

can not be fitted indicating that δ-MoN may contain other nitride phase with a different space 

group and unit cell. The broadened peak width makes it difficult to index the minor phase. The 

minor phase probably has similar formation energy with major phase under ambient synthesis 

condition. Other synthesis route such as high pressure synthesis or thin film deposition will be 

applied to approach single-phase sample. 

                    

Figure 3.5 Comparison of X-ray and neutron powder diffraction patterns of δ-MoN in the same 

d spacing range of 1 to 3 Å. Super structure peaks such as 013 and 015 reflections are more 

intense in neutron diffraction data.  
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Figure 3.6 (a) Single layered crystal structure of δ-MoN only containing trigonal prisms (space 

group No. 187). (b) Four layered crystal structure of δ-MoN containing alternative trigonal 

prisms and octahedra (space group No. 194). 

Hexagonal Mo5N6 was first prepared by a reaction of thin Mo films with ammonia and 

indexed with space group P63/mmc (a = 2.86 Å, c = 11.20 Å and Z = 4).
[142]

 Later, this nitride is 

characterized with a larger unit cell (√3×√3×4, space group P63/m, a = 4.893 Å and c = 11.20 

Å).
 [132,133] 

Mo5N6 can be viewed as an intergrowth of WC- and NiAs-type structure which 

presents a featuring AABBAA stacking arrangement. The intergrowth of different polytypes was 

observed in high resolution TEM images.
[132]

 The literature structure was refined with five 

independent Mo sites in the proposed space group of P63/m (No. 176), which hints that a non-

optimal space group may have been chosen in the analysis of the laboratory data used in this 

initial structure determination. Our laboratory X-ray data shows clear evidence of the c-axis 

superstructure (including a strong and sharp 002 peak at d = 5.53 Å). However, there are only 

two or three broad peaks associated with the in-plane √3×√3 superstructure suggesting that the 

in-plane coherence of the superstructure may be limited. The sensitivity of XRD methods to the 
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supercell suggests that Mo cations are involved in the superstructure formation, as may also be 

inferred by the composition of this phase.  

The crystal structure is initially refined using 1×1×4 superstructural model based on 

synchrotron and neutron diffraction data, ignoring the weak in-plane supercell reflections (Fig. 

3.7). The Rietveld refinement of neutron diffraction data using this structural model was quite 

successful in modeling the observed diffraction peak intensities, and the resulting structural 

model had both reasonable bond distances and displacement parameters (Table 3.5). The 

occupancies of the trigonal prismatic (1.0) and octahedral (0.70) Mo sites could be clearly seen 

to be different though the Mo vacancy was found on the octahedral site and not the prismatic 

site, in contrast to the previously proposed structure. Since knowledge of the nitrogen positions is 

required to differencitate between prismatic and octahedral site, the octahedral location of the 

Mo vacancy determined from the neutron data should be considered to be definitive.  

Table 3.5 Refined atomic positions for Mo5N6 based on neutron Rietveld refinement. 

 Wycoff x, y, z Occupancy Uij or Uiso(Å
2
) 

Moprism 2a 0, 0, 1/4  1.0 Uiso = 0.0048(2) 

Mooct 2b 0, 0, 0 0.70(1) Uiso = 0.0048(2) 

N 4f 1/3,2/3, 0.1302(1) 1.0 

U11= U22=0.0035(8) 

U33 = 0.0147(4) 

U12 = 0.00175 

U13= U23=0 

 



 

84 

 

 

Figure 3.7 Rietveld refinement profiles for Mo5N6 using space group No. 194. (a) Synchrotron 

X-ray data (λ = 0.4138 Å). Neutron data are ordered by increasing scattering angles: (b) bank 2-

2θ=31°; (c) bank 3-2θ=67°; (d) bank 4-2θ=122°; (e) bank 5-2θ=154°. The black line indicates 

the observed data, the red line indicates the calculated data and the lower black line indicates the 

difference curve.  
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Efforts to explicitly model the Mo5N6 structure using the full √3×√3×4 superstructure 

were also carried out. It is difficult to carry out space group determination using powder 

diffraction data. A search for higher symmetry based on the previsouly proposed Mo5N6 structure 

indicated space group P63/mcm (No. 193) as a plausible alternative. In this space group, a 

smaller number of Wykoff sites completely describe the atom positions, with N at the 12k site 

and Mo at 2a (prismatic), 4c (prismatic) and 4d (octahedra) site. However, the Rietveld 

refinement results based on this space group gave larger Rwp values. This model should not be 

considered to be absolutely correct. This is apparent both in transimission electron microscopy 

studies,
[132]

 which found abundant stacking faults and in the synchrotron data of the present 

study, which exhibits a number of additional weak peaks at high d spacings suggesting the 

presence of more complex or multiple superstructures (Fig. 3.8). These fine details of the 

structure are expected to be sensitive to non-stoichiometry relative to the ideal Mo5N6. Further 

studies investigating the relationship between synthesis condition and crystal structure are still 

merited.  

 

Figure 3.8 Lebail refinement profile of Mo5N6 based on structure model No. 193 using 

synchrotron X-ray data.  
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Given the complexities observed in the analysis of the bulk structures, the local structure 

and bond length are investigated according to neutron PDF measurements. The local structures 

of these nitrides are consistent with their average bulk structures. The first peak in neutron PDF 

pattern is attributed to molybdenum-nitrogen bond (Fig. 3.9 and Table 3.6). It can be clearly seen 

that the PDF peaks are substantially broader in Mo2N than in the other two binary nitrides. This 

is consistent with the relatively large displacement parameters seen for both the Mo and the N 

sites. This wide distribution is attributed to the inhomogenous local environments, as on average 

only three of the six nitrogen sites around each Mo cation are occupied, and this occurs in a 

disordered manner judging from the very simple average structure observed for this compound. 

Mo-N bond length in Mo2N is 2.095 Å, shorter than that in other binary nitrides despite the 

larger ionic radius expected for the low valence Mo (+1.5) ions in this nitride. This is a 

consequence of the reduced coordination number of Mo, which is well-known to cause 

significant reduction in bond lengths for a given cation valence.  

As mentioned above, there are two types of Mo coordination environments in hexagonal 

nitrides. In δ-MoN, Mooct-N is 2.183 Å while Moprism-N is 2.151 Å. The shorter bond length 

leads to a higher oxidation state. Therefore, Mo located at octahedral site has a lower oxidation 

state. Insights into Mo valence states can be obtained by comparing Mo-N bond lengths to those 

in reference nitrides. In Mo5N6, the bond length of Mooct-N (2.177 Å) is similar to that of 

reported Mo
3+

-N. Hence, Mo on octahedral site can be assigned a valence of 3+. The smaller 

Moprism-N bond distance (2.103 Å) is comparable to the bond length in MnMoN2 (2.12 Å), 

indicating Mo on trigonal prismatic site has a valence state near 4+ or higher than 4+.
[144]

 Mo-N 

bond lengths of δ-MoN on both sites are longer than those of Mo5N6, meaning δ-MoN has a 

lower oxidation state than Mo5N6 which is consistent with the stoichiometry.  
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Figure 3.9 Overlay of neutron PDF patterns of Mo2N, Mo5N6, δ-MoN in the range of 1.7 to 4 Å. 

Peaks within the PDF can be assigned to various atom-atom correlations.  

Table 3.6 Summary of bond length for Mo2N, Mo5N6, δ-MoN obtained through neutron PDF 

refinement results. 

 Distance (Å) 

Compounds Mo2N δ-MoN Mo5N6 

Mooct-N 2.095(1)×6 2.183(4)×6 2.177(3)×6 

Moprism-N  2.151(3)×6 2.103(2)×6 

 

These molybdenum nitrides exhibit different stabilities upon air exposure. Bulk Mo2N 

and Mo5N6 are stable against air and moisture. MoN will be partially oxidized in ambient 

moisture environment. These nitrides can be fully oxidized to MoO3 by heating them in oxygen 

at 500 °C. TGA experiments were performed to estimate the stoichiometry of these nitrides (Fig. 

3.10). A weight loss at 150 °C was observed for all three molybdenum nitrides that indicated 

water was adsorbed on the nitride surface. For Mo2N, the final weight gain of 27.92% is much 

lower than theoretical value of 39.83% which indicates Mo2N contains residual oxygen owing to 

the incompletion nitridation of oxide precursor. The calculated stoichiometry for Mo2N is 
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therefore Mo2(NO)1.2. The weight gain for MoN (21.94%) is lower than the calculated value 

(30.92%). Because δ-MoN contains impurity phase and it might be oxidized somehow when it is 

exposed to air, the accurate composition of MoN can not be well determined. For Mo5N6, the 

weight gain is 23.42 % which is slight smaller than theoretical weight gain (27.67%). The 

corresponding stoichiometry is Mo4N6. The fact that experimental mass gains are smaller than 

expected values is possibly caused by the partial evaporation of MoO3 at high temperature. A 

more accurate elemental analysis of light atoms can be approached via combustion method.   

 

Figure 3.10 TGA analysis of Mo2N, Mo5N6 and δ-MoN under flowing O2 from room 

temperature to 550 °C. 

3.3.3 Morphology 

Molybdenum nitrides prepared via different precursors exhibit various morphologies 

shown in Fig.3.11. Morphology has an important impact on the catalytic activity for ORR. It can 

be seen that Mo2N exhibits a size distribution of 0.2 μm to 1 μm (Fig.3.11a). Mo5N6 has a 

featuring lamellar structure where the retention of the morphology on nitridation of layered 

MoS2 was observed (Fig.3.11b). Multiple morphologies, such as plate and toroid shape crystals, 
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exist in δ-MoN which indicates this nitride might contain several phases and domains 

(Fig.3.11c). In addition, SEM is useful to evaluate the homogeneity of samples on a large scale. 

Mo2N and Mo5N6 are more homogeneous than δ-MoN. 

TEM analysis was performed to study their morphologies on a smaller scale compare to 

SEM analysis. TEM images indicate that these nitrides form agglomerates with a size 

distribution from 10 nm to 150 nm (Fig.3.12). The tendency of high aggregation is due to the 

strong interactions between particles which have metallic properties.
[145]

 Moreover, Mo2N was 

observed to have a porous property. The length of the flake for Mo5N6 is about 150 nm and the 

thickness of the flake is about 30 nm.  

       

  

Figure 3.11 SEM images of (a) Mo2N, (b) Mo5N6, (c) δ-MoN (scale bar: 1 μm). 

(b) (a) 

(c) 
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Figure 3.12 TEM images of (a) Mo2N (scale bar-20 nm), (b) Mo5N6 (scale bar-50 nm), (c) δ-

MoN (scale bar-20 nm). 

3.3.4 Magnetic Property 

Molybdenum nitrides have shown superconductivity under zero-field-cooled conditions 

(Fig. 3.13). Mo2N shows a superconducting transition with a Tc near 4.0 K. This value is lower 

than previously reported value which is probably influenced by the slightly different 

stoichiometry.
[146-148]

 The superconducting transition of δ-MoN is around 5.6 K which agrees 

with the reported value. It is known that the degree of disorder has an impact on the Tc of δ-

MoN. The highly disordered phase has a Tc of 4.2 K whereas the ordered phase has a Tc of 12.1 

K.
[140]

 The superconducting transition temperature of δ-MoN indicates disorder to some extent is 

present in this nitride which is also supported by refinement results.   

(a) (b) 

(c) 
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Figure 3.13 Temperature dependence of magnetic susceptibilities for (a) Mo2N and (b) δ-MoN. 

3.3.5 Density of States Calculations 

Lattice parameters in Table 3.3 are used to calculate the electronic band structures of 

Mo2N and δ-MoN through the plane-wave-based density functional method.  The total (TDOS) 

and local density of states (LDOS) for molybdenum nitrides are plotted in Fig. 3.14 to 

understand the changes in the electronic structures. There are three energy regions in LDOS: (i) 

the lowest energy region is mainly from N 2s states. (ii) the lower region of valence band 

originates from Mo 5s and N 2p states and the upper region of valence band consists of Mo 4d 

and N 2p states. (iii) the conduction band above the Fermi level contains unoccupied Mo 4d 

states. It is clearly that N 2p orbitals hybridize strongly with Mo 4d orbitals. The electronic 

structure of molybdenum nitrides may originate from the interaction between N 2p electrons and 

Mo 4d electrons.
[149,150]

 This hybridization influences the bonding properties and material 

properties to some degree (eg. superconductivity). Total energies of molybdenum nitrides have 

been calculated by Jaouen et al.
[149]

 It is evidenced that cubic phases have a higher total energy 

than hexagonal phases. Thus, it can be concluded that hexagonal nitrides are more stable. From 

TDOS of δ-MoN with two different nitrogen stacking sequences, the density of state near Fermi 
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level (EF) increases for δ-MoN (187), whereas the density of state lies in a lip for δ-MoN (194). 

The latter structure is more stable than the former structure. Total energy calculation 

demonstrates that δ3 phase is more stable than δ1 phase.
[149]

 δ3-MoN contains octahedral ordering 

of nitrogen while δ1-MoN contains trigonal prismatic layers of nitrogen. Since δ-MoN (194) 

consists of alternating octahedral and trigonal prismatic layers, this type of ordering should have 

a lower energy than δ1-MoN (187) which agrees with the DOS calculation.  

 

 

Figure 3.14 Total DOS (top) and local DOS (bottom) for (a) Mo2N, (b) δ-MoN (space group 

187) and (c) δ-MoN (space group 194). 
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3.4 Conclusions 

In summary, binary molybdenum nitrides with different crystal structures have been 

investigated as ORR catalysts for PEMFC. Structural factor plays an important role on the 

catalytic property. Molybdenum nitrides were synthesized by ammonolysis of various precursors 

at different temperatures (600-750°C). Face centered cubic Mo2N synthesized via MoO3 showed 

poor ORR activity (Eonset = 0.420 V) in acid electrolyte while hexagonal δ-MoN (prepared via 

MoCl5) and Mo5N6 (prepared via MoS2) exhibited enhanced catalytic performance (Eonset = 0.680 

and 0.675 V). DOS calculations indicate that the hybridization of N 2p electrons and Mo 4d 

electrons lead to the electronic structures of molybdenum nitrides. Cubic Mo2N has a higher total 

energy than hexagonal phases. Hence, the hexagonal molybdenum nitrides are more stable and 

more suitable for ORR catalysis.  

In both δ-MoN and Mo5N6, Mo atoms are located in the center of octahedral or trigonal 

prismatic layers. Disorder of nitrogen layers is observed in δ-MoN while Mo5N6 consists of 

alternative stacking MoN6 layers. Mo atom located on octahedral site has a lower oxidation state 

than that located on trigonal prismatic site based on bond distance analysis derived from neutron 

PDF data. Modifying synthesis method to prepare homogeneous powder or thin film 

molybdenum nitrides with a hexagonal unit cell will improve its electrochemical activity and 

will help understand factors influencing the activity better.  
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Chapter 4. Ternary Cobalt Molybdenum Nitride Electrocatalyst for Oxygen Reduction 

Reaction and Hydrogen Evolution Reaction 

4.1 Introduction 

The hydrogen evolution reaction (HER) is a central reaction in the renewable production 

of hydrogen fuel from water, regardless of whether this process is driven directly (solar fuels 

production using photons harvested by semiconductors or molecular dyes) or indirectly 

(electrolysis of water powered by photovoltaics).
[151,152]

 Hydrogen produced in this manner is 

more easily stored and transported than electricity generated through competing photovoltaic 

(PV) technologies, though the overall efficiency of hydrogen production is invariably lower than 

that of the simply generating electricity due to the energy barriers of the reactions required to 

produce molecular products.
[153]

 Efficient solar energy utilization therefore requires efficient 

catalysts. Unfortunately, the best current HER catalysts incorporate noble metals such as Pt, 

whose terrestrial scarcity and high cost limit the viability of renewable H2 production.
[154] 

The high cost of noble metals limits their utilization in practical electrolyzer and drives 

the demands to search low-cost materials as alternatives. Unlike the known classes of Ni-based 

HER catalysts which are only stable under alkali conditions,
[93]

 Notable recent progress has been 

made in the last decade in developing acid-stable HER catalysts, resulting in the discovery of 

excellent HER activity for MoS2, Mo2C, MoB, Ni-Mo, Ni-Mo-N, and Ni2P, which all contain Mo 

and/or Ni.
[83,93,97,99,103-106]

 A good framework for understanding the influence of crystal structure 

on the HER activity of these compounds does not yet exist. Although methods for tuning the 

energy levels and catalytic activity of metallic alloys are known,
[89]

 it is less clear how the simple 

binary structures of MoS2, Mo2C, and MoB can be tuned to optimize their activity. The 

bimetallic Ni-Mo-N catalyst may be more amenable to optimization, though catalytically active 
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samples were found to contain a mixture of an ionic rock salt phase (γ-Mo2N-type) and a 

Ni2Mo3N (Mo3Al2C-type) phase in which Mo is expected to be metallic in nature (valence near 

zero) and it is not yet established which phase is responsible for the observed HER activity.
[105]

 

We were therefore motivated to investigate the electrocatalytic activity of more complex 

ternary molybdenum nitrides in which the valence and electronic states of Mo can be more 

readily tuned than in binary molybdenum nitrides. We hypothesized that doping MoN with Co 

would be an effective method of tuning its properties and potentially enhancing the catalytic 

activity beyond the relatively low intrinsic activity of MoN. Such a strategy was recently 

employed to enhance the oxygen reduction reaction (ORR) activity of Mo2N by the substitution 

of CoO into its rock salt structure.
[107] 

In this study, the ORR and HER activity of a 

nanostructured ternary cobalt molybdenum nitride produced using a low temperature synthesis 

route has been characterized. Neutron diffraction studies indicate that this compound has a 

complex layered structure that can not be effectively resolved in X-ray diffraction experiments. 

This compound is demonstrated to have excellent activity toward HER despite belonging to a 

layered structural family for which HER activity has not previously been reported.  

4.2 Experiment Section 

4.2.1 Sample Preparation 

An oxide precursor CoMoO4 was prepared by dropwise addition of 20 mL (0.165 M) 

aqueous CoCl2 (Alfa Aesar, 99.7%) into a 10 mL (0.33 M) solution of Na2MoO4 (Alfa Aesar). 

The resulting purple suspension was stirred for 1 hour, filtered, washed, and dried at 120 °C 

overnight. Co3Mo3N was prepared via two different methods in which nitrogen was provided by 

ammonia in either a gaseous form (flowing NH3) or a solid form (urea with flowing Ar), and the 

reaction products are therefore denoted Co3Mo3N and Co3Mo3N(s), respectively. Co3Mo3N was 



 

96 

 

synthesized by annealing CoMoO4 at 750 °C (5 °C / min heating rate) for 12 hours under flowing 

ammonia (50 mL / min) inside a fused quartz tube. Co3Mo3N(s) was synthesized by annealing 

CoMoO4 together with urea (molar ratio 1 : 5) at 800 °C for 3 hours under flowing Ar (50 mL / 

min). The final product CoMoN2 (CoMoN2(s)) was synthesized by annealing Co3Mo3N (or 

Co3Mo3N(s)) in NH3 (150 cm
3
 / min) for 1 hour at 400 °C.

[155]
 δ-MoN was produced by treating 

MoCl5 (Alfa Aesar, 99.6%) at 600 °C in NH3 (150 cm
3
 / min) for 3 hours, and this sample is 

described in the text as δ-MoN based on the hexagonal unit cell seen in X-ray diffraction 

experiments. The precise polytype (δ1, δ2, δ3) cannot be resolved in these experiments, though 

the δ1 polytype has been reported to form under these conditions.
[132]

 

4.2.2 Physical Characterization  

Laboratory X-ray powder diffraction patterns were obtained from a D8 Advance X-ray 

diffractometer (Bruker, AXS) with a Bragg-Brentano geometry using Cu Kα radiation 

(1.54056Å). Scans were collected with a fixed divergence slit width of 0.6°, a 2θ range of 7 to 

120°, a collection time of 1.5 s per step, a diffraction radius of 300 mm, and a 192 channel 

LynxEye position sensitive detector. Synchrotron X-ray diffraction data were collected at the 

high resolution beamline 11-BM at the Advanced Photon Source (APS) of Argonne National 

Laboratory using a 0.8 mm diameter Kapton capillary with λ = 0.413832 Å. 

Time-of-flight (TOF) neutron diffraction measurements were performed on the 

nanoscale-ordered materials diffractometer (NOMAD) at the Spallation Neutron Source (SNS), 

Oak Ridge National Laboratory. About 100 mg of powder were loaded into a 2 mm diameter 

capillary, with data acquisition time of 100 min per sample for a total proton charge of 5.4 × 10
12

. 

Data processing of both pair distribution function (PDF) and Bragg diffraction data was done 
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using custom beamline-specific software coded in IDL. The TOPAS software package (Version 

4.2, Bruker AXS) was used for Le Bail and Rietveld refinements of data. 

Scanning electron microscopy (SEM) analysis was carried out on a JEOL 7600F high 

resolution microscope with capabilities for energy-dispersive X-ray spectroscopy (EDX). 

Transmission electron microscopy (TEM) was performed on a JEOL 1400 microscope operated 

at an accelerating voltage of 120 kV.  

Thermogravimetric analysis (TGA) was done on a Q5000IR system (TA instruments). 

For CoMoN2 samples, TGA scans were run under flowing O2 (25 mL / min) with ramp rates of 

1 °C / min and holds at 500 °C for 10 hours and then at 600 °C for 5 hours. 

A PHI 3056 X-ray Photoelectron Spectroscopy (XPS) spectrometer with an Al source in a 

2 × 10
-10

 Torr vacuum chamber was used to characterize sample surfaces. The instrument was 

calibrated before use with Au and Ag foils. Samples were pressed into In foil (Alfa Aesar), which 

foil was attached to the sample holder using carbon tape. High resolution scans were taken with a 

5.85 eV pass energy, 0.05 eV energy step, and with 100 repeats to reduce instrument noise. 

Charging effects were compensated by shifting binding energies based on adventitious C 1s peak 

(284.8 eV). Reference MoO2 (Alfa Aesar, 99.95%) and MoO3 (Alfa Aesar - Puratronic) powders 

were used to determine the Mo 3d5/2 / Mo 3d3/2 ratio for the instrument. Peak fits and atomic 

surface concentration analysis was performed using PHI Multipack software.  

4.2.3 Electrochemical Measurements  

Catalyst inks for electrochemical testing were prepared by adding a mixture of 2 mg 

sample (Co, δ-MoN or nominal CoMoN2) and 2 mg carbon black (Vulcan XC72) to a solution of 

500 μL Milli-Q ultrapure deionized water (18.2 MΩ), 500 μL isopropyl alcohol (70% v/v, 

Aldrich), and 50 μL Nafion-117 (5 % in a mixture of lower aliphatic alcohols and water, 
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Aldrich), and then sonicating for 30 min to disperse the catalysts in the ink. Afterwards, 25 μL of 

fresh catalyst ink was dropped onto a glassy carbon electrode (0.196 cm
2
 geometrical area, Pine 

Research Instrument) and dried at room temperature. The loading was 0.24 mg/cm
2
 for nitride 

samples and 0.023 mg/cm
2
 for Pt. Electrochemical measurements were conducted in a three 

electrode conventional glass cell with an electrolyte solution of 0.1 M HClO4, an Ag/AgCl 

reference electrode, and a Pt counter electrode (separated from the electrolyte by a glass frit). All 

potentials are given with respect to the reversible hydrogen electrode (RHE).  

4.2.3.1 Electrochemical Measurements for ORR 

Both cyclic voltammetry (CV) and rotating disk electrode (RDE) measurements were 

performed by sweeping from 0.05 to 1.0 V vs. RHE at a scan rate of 10 mV/s. CVs were 

recorded in solutions saturated with either Ar or O2 gas. RDE measurements were collected in 

O2-saturated solutions with a rotation speed of 400-2500 rpm. Durability tests were conducted in 

air saturated 0.1 M HClO4 from 0.05 to 0.8 V vs. RHE at a scan rate of 100 mV/s for 2000 

cycles. 

4.2.3.2 Electrochemical Measurements for HER 

HER measurements on a rotating disk electrode (RDE) were collected in H2-saturated 

solutions sweeping from +0.2 to -0.5 V vs. RHE with a scan rate of 5 mV / s and a rotation speed 

of 1600 rpm using Volta PGZ402 potentiostat (VoltaLab 80, Radiometer Analytical). HER 

measurements on carbon paper (1 cm
2
 geometrical area, Avcarb, purchased from Fuel Cell Store) 

were carried out in H2-saturated 1 M HClO4 from +0.05 to -0.5 V vs. RHE at a scan rate of 10 

mV / s. Electrochemical impedance measurement was applied to both RDE and carbon paper 

configurations to determine the resistance. The Ohmic resistance used for iR-correction was 

determined from the high frequency resistance obtained through electrochemical impedance 
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spectroscopy measurements in the same electrolyte at a dc potential of 0 V vs. RHE with a peak-

to-peak perturbation of 20 mV. The measured resistance of Co0.6Mo1.4N2 catalyst on the RDE in 

0.1 M HClO4 was about 25 Ω, while its resistance on carbon paper in 1 M HClO4 was about 4 Ω. 

Long-term durability tests were performed by cyclic voltammetry (CV) sweeps at 100 mV / s 

from +0.2 to -0.3 V vs. RHE for 3000 cycles.   

HER measurements on a RDE in 0.1 M KOH solution were collected in H2-saturated 

solutions sweeping from +0.2 to -0.5 V vs. RHE with a scan rate of 5 mV / s and a rotation speed 

of 1600 rpm using Volta PGZ402 potentiostat (VoltaLab 80, Radiometer Analytical). The 

measured resistance of Co0.6Mo1.4N2 catalyst on the RDE in 0.1 M HClO4 was about 48 Ω. 

Quantification of evolved H2 gas during HER testing was performed in 0.1 M HClO4 

using the same three-electrode cell. The Co0.6Mo1.4N2 catalyst was cast onto carbon paper (1 cm
2
 

geometric area, catalyst loading ~ 0.24 mg/cm
2
). Carbon paper was attached to a Ti rod using Ag 

epoxy, and then the rod was threaded into a tygon tube in order to isolate it from the electrolyte. 

This modified working electrode was inserted into an inverted electrolyte-containing vial. A 

cathodic current of 10 mA was chosen and maintained for 3000 s. The volume of H2 produced in 

the vial was marked and measured. Co0.6Mo1.4N2 produced about 3.45 mL H2, which is 92% of 

the theoretical H2 yield of 3.74 mL for 30 coulombs of charge at 1 atm and 20 °C.
[106]

 This yield 

is not clearly distinguishable (within the limited precision of this method to collect and quantify 

evolved hydrogen gas) from that expected from the fully Faradaic production of H2 gas. 

However, some potential chemical origins of reduced H2 yields are the production of H2 on 

portions of the Ti rod which were not fully protected from electrolyte, the incomplete release of 

H2 gas from catalyst particles, and the competing reduction processes associated with the 
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activation of the Co0.6Mo1.4N2 electrode that are responsible for the slight change in the measured 

response over the first 50 cycles during in durability testing.  

4.3 Results and Discussion 

4.3.1 Crystal Structure 

The direct ammonolysis of CoMoO4 at temperatures between 600 °C and 650 °C was 

found to produce a hexagonal nitride of nominal formula CoMoN2, but the reaction product also 

contained large amounts of impurity phases like cobalt metal, rock salt type Mo2N analogues, 

and cubic Co3Mo3N. Higher temperature reactions were found to produce phase-pure Co3Mo3N 

with a lattice parameter of a = 11.0383(2) Å that we have tested and found to show weak 

catalytic activity for ORR and HER reaction. The low fraction of nitrogen in Co3Mo3N suggests 

that Co and Mo are nearly metallic (a result confirmed by prior XPS studies
[126]

) and that the 

reaction conditions are too reducing. 

Although the direct synthesis of CoMoN2 from a CoMoO4 precursor phase was found to 

be ineffective, Co3Mo3N can serve as a very effective precursor for the rapid synthesis of 

CoMoN2 at low temperatures.
[155]

 Our best results were obtained by treating Co3Mo3N under 

flowing NH3 at 400 °C for 1 hour, which produced CoMoN2 with Co metal as the only 

observable impurity phase; reactions carried out at higher temperatures or for longer times 

exhibited increased impurity contents. A two-step ammonolysis reaction (first making Co3Mo3N 

as a precursor) was therefore used to produce bulk CoMoN2 for structural and catalytic 

characterization.   

Powder X-ray diffraction studies on CoMoN2 suggest that it is isostructural with δ-MoN 

(Fig.4.1a),
[132]

 with a = 2.85 Å, c = 2.75 Å, and space group symmetry P-6m2 (No. 187). 

However, it should be noted that X-ray diffraction is dominated by scattering from Mo and Co 
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atoms and is very insensitive to the contributions of N atoms. This is particularly problematic in 

the case of three MoN polytypes (δ1, δ2, δ3) which all contain the same arrangement of Mo atoms 

and differ only in the location of N atoms. These polytypes can all be indexed based on the 

simple WC-type lattice of δ-MoN when diffraction peaks are broad (as is the case for CoMoN2) 

and XRD superstructure peaks are not resolvable. This occurs since only weakly scattering N 

atoms contribute intensity to the reflections of the superstructure peaks of δ2-MoN (1 × 1 × 2 

superstructure) and δ3-MoN (2 × 2 × 2 superstructure),
[132]

 where the ratio of the a- and c-lattice 

parameters relative to the simpler δ1-MoN sublattice are specified. Based on prior structural data, 

all three molybdenum nitride structures can be described as having close packed layers of N 

atoms, with Mo atoms found in the voids between nitrogen layers. The coordination environment 

of the Mo ions is in either trigonal prismatic or octahedral, depending on whether successive 

nitrogen layers have the same lateral coordinates (ie AA) or are offset (ie AB).
[132] 

Intriguingly, 

enhancement of the MoS2 HER activity was recently achieved by converting the Mo 

environment from trigonal prismatic (2H polytype) to octahedral (1T polytype) by Li-

intercalation.
[97] 

In order to overcome the sensitivity limitations of X-rays, neutron diffraction experiments 

were carried out to resolve the structure of CoMoN2 since the scattering length of N (9.36 fm), 

Mo (6.72 fm) and Co (2.49 fm) are significantly different, giving excellent sensitivity to all 

species. Indexing of neutron diffraction data indicates that CoMoN2 crystallizes in a 1 × 1 × 4 

supercell (a ~2.85 Å, c ~11.01 Å) of δ1-MoN. Different crystal structures previously reported for 

transition metal nitrides were tested via Rietveld refinement, and it was found that only the 

Li0.67NbS2 structure type with P63/mmc (No. 194) space group symmetry effectively described 

the CoMoN2 structure (Fig. 4.1b and Fig.4.2). To solve the structure, observed nuclear density 
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map derived from Fourier transformation is applied. In Fig. 4.3a, the nitrogen position can be 

clearly resolved due to the strong N coherent scattering length (9.36 fm) and is strongly 

elongated in the c-axis direction. The octahedral cation site (at z = 0 and 0.5) is less intense than 

the trigonal prismatic cation site (at z = 0.25 and 0.75) due to the smaller scattering factor for Co 

(2.49 fm) than for Mo (6.715 fm). In this structure, N ions are found in close packed layers with 

a repeating AABB stacking sequence while all transition metal ions are found between the N 

layers at the coordinates directly above/below the unoccupied C layer positions of nitrogens. 

This leads to alternating layers of trigonal prismatic and octahedral coordination for the 

transition metals (Fig. 4.3b).  

Data suitable for Rietveld refinement was collected from three instruments in different 

configurations: on a laboratory X-ray diffractometer (λ = 1.54 Å) in a flat plate geometry, on the 

11-BM high-intensity / high-resolution synchrotron X-ray diffraction beamline (λ = 0.414 Å) in 

transmission mode using an 0.8 mm diameter Kapton capillary, and on the time-of-flight neutron 

diffractometer NOMAD in transmission mode using a 2 mm diameter capillary. Although all 

three data sets could be co-refined using the TOPAS software package, this induced 

complications due to the different samples used in some experiments, the very different counting 

statistics of the different beamlines, and the different absorption corrections needed for the 

different instrument wavelengths and sample geometries (none for flat plate geometry, a refined 

cylindrical absorption correction with a packing fraction of 0.38 for the synchrotron data, and an 

empirical absorption correction for the neutron data produced by scaling the data as d
4-p

 instead 

of d
4
, where a value of 0 < p < 1 was refined independently for each bank). Since only the 

neutron diffraction data gave good sensitivity to all elements, this data set was used for the final 

structural refinement though with the lattice parameters provided from a fixed geometry 
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laboratory X-ray diffractometer to avoid the strong influence of the sample position on the 

observed neutron diffraction lattice parameters. The Co fraction on the octahedral site typically 

refined to a lower value in X-ray diffraction experiments (0.45 – 0.50) than in the neutron 

diffraction experiments (0.72 – 0.82); a similar value of 0.65 was obtained in neutron PDF 

refinements (carried out using PDFGui). The final Co content was therefore fixed to an 

intermediate value of 0.60 in the final refinement to combine the information from these two 

refinements. A common isotropic displacement parameter was used for all three cations (Mo on 

trigonal prismatic site, Mo on octahedral site, and Co on octahedral site). Anisotropic 

displacement parameters were refined for the nitrogen site, a treatment justified based on the 

highly elongated nuclear density seen in the calculated density maps. Two isotropic split N sites 

were less effective in modeling this density than a single anistropic N site. The major axes of the 

N anisotropic displacement parameters (ADPs) typically had a 1:1:10 ratio which was slightly 

aphysical, but probably represents the tendency of these variables to compensate for other 

imperfections in the refinement. A more reasonable 1:1:2 ratio of major axes was observed in 

pair distribution function (PDF) refinements.  The PDF refinements are more directly sensitive to 

displacement parameters (results in a broadening of the PDF peaks), and probably represent 

more correct values of the ADPs. 

Structural analogies to compounds such as Fe0.8Mo1.2N2 suggest that Mo prefers the 

trigonal prismatic site (2a Wykoff position) while Co prefers the octahedral site (2b Wykoff 

position).
[134] 

Although synthesis reactions were initiated with equimolar amounts of Co and Mo, 

and though there were no indications of the loss of Co through volatilization during the reactions, 

the presence of impurity peaks in the reaction product assigned to Co metal suggests that the 

cobalt molybdenum nitride phase is Mo-rich. The final crystallographic refinement was therefore 
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carried out with a Co/Mo mixture on the octahedral site. No evidence was found for non-

stoichiometry on the trigonal prismatic Mo site or the nitrogen site during refinement. The cobalt 

molybdenum nitride was found to have the stoichiometry Co0.6Mo1.4N2. This formula is 

consistent with the weight fraction of Co metal (~20%) present as a second phase obtained from 

Rietveld refinements of X-ray diffraction data, though it should be noted that this phase fraction 

determination is not precise due the broad Co diffraction peaks (Table 4.1-4.4). 
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Figure 4.1 (a) Lab X-ray powder diffraction patterns of Co3Mo3N, CoMoN2 and δ-MoN. 

Asterisk marks the impurity peak of cobalt metal. (b) Rietveld refinements of neutron diffraction 

for CoMoN2 showing observed data (black line), calculated pattern (red line) and difference 

curve (bottom line). Lab X-ray diffraction data (blue line) in same Q (=2п/d) range between 2 

and 7 Å
-1

 do not clearly show superstructure peaks such as the 013 and 015 reflections which are 

intense in neutron diffraction data.  
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Figure 4.2 Rietveld refinement profiles for CoMoN2 (Co0.6Mo1.4N2 + Co metal) using time of 

flight neutron diffraction and X-ray data. The neutron detector banks are ordered by increasing 

scattering angles: (a) bank 2-2θ = 31°; (b) bank 3-2θ = 67°; (c) back 4-2θ = 122°; (d) bank 5-2θ 

= 154°.
9
 X-ray data: (e) synchrotron X-ray (λ = 0.4138 Å); (f) lab X-ray (λ = 1.54 Å). The black 

line indicates the observed experimental data, the red line indicates the calculated data and the 

lower solid line indicates the difference curve. For X-ray data, upper tick marks are hkl for 

Co0.6Mo1.4N2 phase while lower tick marks are hkl for Co phase.  
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Figure 4.3 (a) Observed nuclear density map calculated for Co0.6Mo1.4N2 using the time-of-flight 

neutron diffraction data from Bank 4. (b) Four-layered crystal structure of Co0.6Mo1.4N2. 

Table 4.1 Crystallographic data for Co0.6Mo1.4N2. 

Radiation TOF neutron   NPDF  X-ray  

Formula            Co0.6Mo1.4N2 Co0.6Mo1.4N2 Co0.6Mo1.4N2 

Crystal system  Hexagonal Hexagonal Hexagonal 

Space group P63/mmc P63/mmc P63/mmc 

a (Å) 2.85176(2)  2.851(1)  2.85148(3)  

c (Å) 10.9862(3) 11.009(8) 10.9890(3) 

V (Å
3
) 77.38 77.46 77.380(3) 

λ 0.1Å – 3Å 0.1Å – 3Å 0.413832Å 

RBragg N/A N/A 4.148% 

Rwp 5.935% 14.65% 11.344% 

Rp 4.975% N/A 9.414% 

χ
2
 N/A N/A 1.540 
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Table 4.2 Refined atomic positions for Co0.6Mo1.4N2 based on neutron Rietveld refinement. 

 Wyckoff x y z occupancy Uiso or Uij (Å
2
) 

Mo1 2a 0 0 1/4 1.0 0.0068(5) 

Mo2 2b 0 0 0 0.4 0.0068(5) 

Co 2b 0 0 0 0.6 0.0068(5) 

N 4f 1/3 2/3 0.1269(2) 1.0 

U11= U22=0.0010(3) 

U33=0.0315(7) 

U12 =0.0005 

U13= U23=0 

 

Table 4.3 Refined atomic positions for Co0.6Mo1.4N2 based on synchrotron X-ray Rietveld 

refinement. 

 Wyckoff x y z occupancy Beq (Å
2
) 

Mo1 2a 0 0 1/4 1.0 0.54(2) 

Mo2 2b 0 0 0 0.434 0.54(2) 

Co 2b 0 0 0 0.566(5) 0.54(2) 

N 4f 1/3 2/3 0.1295(6) 1.0 1.31(6) 

 

Table 4.4 Refined atomic positions for Co0.6Mo1.4N2 based on neutron pair distribution function 

data.  

 Wyckoff x y z occupancy U (Å
2
) 

Mo1 2a 0 0 1/4 1.0 U11= U22=U33=0.0068(2) 

Mo2 2b 0 0 0 0.36 U11= U22=U33=0.0061 (3) 

Co 2b 0 0 0 0.64 U11= U22=U33=0.0061(3) 

N 4f 1/3 2/3 0.1287(6) 1.0 

U11= U22=0.0077(6) 

U33=0.016(2) 

U12 =0.0038 

U13= U23=0 
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Additional insights into the crystal structure of Co0.6Mo1.4N2 have been obtained through 

“small box” fitting of the neutron pair distribution function (PDF) data, shown in Fig. 4.4. It can 

be seen that this structural model gives an excellent fit to the observed local structure over the 

length scale of 1.7 – 20 Å, suggesting that the average structure provides a very complete 

description of this compound even on the atomic scale. This indicates that amorphous phases are 

not present, as even glasses will give well-defined peaks in PDF spectra. As such, it is expected 

that the local environments of Co and Mo in the octahedral layer are indistinguishable, and that 

both ions are found at the same crystallographic position without clustering or ordering of ions 

within this layer. In contrast, the simple WC or NiAs structural models cannot effectively fit the 

PDF data (Fig. 4.5), confirming the presence of multiple Mo coordination environments, and 

highlighting the importance of the superstructure despite its visual absence in laboratory powder 

X-ray diffraction data.  

 

Figure 4.4 Neutron PDF fit from r = 1.7 Å to 20 Å for a two-phase nominal CoMoN2 sample 

with a 1 × 1 × 4 WC-superstructure phase with P63/mmc symmetry and Co metal (Fm-3m, 

No.225, a = 3.56 Å).  
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Figure 4.5 Neutron PDF fit from r = 1.7 Å to 20 Å for CoMoN2 using rejected alternative 

models. (a) WC-type model (P-6m2, No. 187) with a random Co/Mo mixture on the trigonal 

prismatic site (Rwp = 55%). (b) NiAs-type model (P63/mmc, No. 194) with a random Co/Mo on 

the octahedral site (Rwp = 72%). For comparison, Rwp is 16% when the four layered structure 

model (P63/mmc, No. 194) is used. 
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4.3.2 Composition 

The stoichiometry of the nominal CoMoN2 sample can also be indirectly determined by 

thermogravimetric analysis. Black CoMoN2 was completely oxidized to purple CoMoO4 by 

heating the nitride in an oxygen atmosphere, as judged by powder X-ray diffraction (Fig. 4.6). 

The thermal response indicates that this is not a direct conversion. Two intermediate transitions 

were observed at mass gains of ~6% (~200 °C) and ~12% (~300 °C), and the maximum mass 

gain is seen at 500 °C, beyond which there is a slight mass decrease to a stable plateau which 

persists over a wide temperature range (600 – 800 °C). The product at 500 °C is mainly β-

CoMoO4 while product at higher temperature is a mixture of both α- and β-CoMoO4. Based on a 

structural and bonding analysis of these phases, we believe that only β-CoMoO4 contains integer 

valence metals (Co 2+ and Mo 6+) while the other α-CoMoO4 polytype has slightly reduced Mo 

cations which are charge-compensated by oxygen deficiencies and a true stoichiometry of α-

CoMoO4-δ. Thus only β-CoMoO4 was used as a mass reference. The observed weight gain of 

CoMoN2 during oxidation is 24.55 wt %, which is a little smaller than the theoretical weight gain 

of 25.16 wt % for the CoMoN2 sample (Co0.6Mo1.4N2 with the balance of Co present as Co 

metal). The smaller mass gain than expected during oxidation is attributed to the presence of a 

small amount of oxygen (0.61 wt %, 1.54 mol %) in the sample, which might be residing on the 

surface of the Co metal phase rather than being found in the Co0.6Mo1.4N2 nitride phase. Residual 

oxygen is also observed in SEM-EDX analysis (Fig. 4.8) and XPS data (Table 4.6). The active 

material composition of Co0.6Mo1.4N2 is therefore supported by TGA data. 
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Figure 4.6 (a) Thermogravimetric response of CoMoN2 (Co0.6Mo1.4N2 + Co metal) heated under 

oxygen from room temperature to 600 °C. (b) XRD patterns of CoMoN2 sample  after 

decomposing at 600 °C (blue) and 500 °C (red) under flowing O2 in TGA experiments, and 

before heating (black). The product heated at 500 °C consists of β-CoMoO4 and the product 

heated at 600 °C contains a mixture of both α- and β-CoMoO4 (α-CoMoO4 : β-CoMoO4 = 62.50 

wt% : 37.50 wt%).   

4.3.3 Morphology 

Insights into particle size and morphology were obtained from electron microscopy 

studies (Fig. 4.7). The oxide precursors CoMoO4 are nanorods with diameters of 20-50 nm and 

lengths up to 200 nm. After ammonia treatment, the nanorod morphology is not retained. It can 

be seen in SEM images that the primary particle size of Co0.6Mo1.4N2 has nanoscale dimensions 

(< 100 nm), and these primary particles are aggregated into larger secondary particles which can 

be more than a micron across. The secondary particle size is comparable with that of the 

Co3Mo3N precursor used in the synthesis. The primary particles of δ-MoN were substantially 

larger, suggesting that Co plays a role in minimizing the Co0.6Mo1.4N2 particle size. TEM studies 

are able to resolve isolated crystallites of Co0.6Mo1.4N2, and show that primary particles are 

typically obtained with a maximum dimension of ~80 nm but without well-defined facets. EDX 

analysis confirms that the existence of nitrogen species and the formation of nitride phase.  
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Figure 4.7 SEM images of (a) Amorphous CoMoO4 precursor (scale bar: 100 nm); (b) 

Co0.6Mo1.4N2 prepared at 400 °C (scale bar: 100 nm); (c) δ-MoN synthesized at 600 °C (scale 

bar: 1 μm) and TEM image of (d) single crystallite of Co0.6Mo1.4N2 (scale bar: 20 nm).   

          

Figure 4.8 (a) EDX spectra of Co0.6Mo1.4N2 showing the presence of Co, Mo, N and O based on 

the peaks in the emitted X-ray spectrum. The atomic ratio of Co: Mo: N: O is 30.37%: 24.61%: 

42.44%: 2.58%. (b) SEM image indicating region over which EDX spectra were collected. 

b) a) 

a) b) 

c) d) 
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4.3.4 Valence and Bonding 

Even in absence of detailed knowledge about the ORR and HER reaction mechanism in 

molybdenum nitrides, it is expected that catalytic activity will be sensitive to the Mo valence and 

coordination environment. Curiously, a wide range of different bulk Mo valence states are 

expected for MoS2 (4+), MoN (3+), MoB (3+), and Mo2C (2+). The idealized formula of ternary 

CoMoN2 is expected to correlate with a 4+ valence of Mo that is raised relative to the 3+ valence 

of binary MoN, though the non-stoichiometric formula of Co0.6Mo1.4N2 indicates a more 

complex situation. The composition of Co0.6Mo1.4N2 corresponds to an average Mo valence of 

+3.4 if all Co is divalent, though the presence of cation vacancies in the structure will result in 

more oxidized Mo ions. 

While a bond valence sum (BVS) analysis is often used to gain quantitative insights into 

the valence of oxides, it is difficult to apply this methodology to the present system since there 

are not enough close structural analogues with well-defined valence states and well-characterized 

structures to construct an accurate parameterization. However, meaningful insights into the Mo 

valence can still be obtained by comparing the Mo-N bond distances in the octahedral (2.17 Å) 

and trigonal prismatic (2.11 Å) sites of Co0.6Mo1.4N2 to those in reference nitride compounds 

which also have 6-coordinate Mo (Table 4.5). MoN is an appropriate reference for 3+ Mo, and 

has been reported to have Mo-N bond distances of 2.16 – 2.17 Å in δ1-MoN. Similar distances 

were reported for δ2 and δ3 polytypes.
[132]

 These distances are in very good agreement with the 

sum of the Shannon ionic radii Mo
3+

 and N
3-

 with appropriate coordination number.
[156]

 The 

octahedral sites in Co0.6Mo1.4N2 can therefore be assigned a valence of 3+, while the trigonal 

prismatic sites must be higher in valence to account for their reduced Mo-N bond lengths.  
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The smaller trigonal prismatic average Mo-N bond length (0.06 Å shorter than the 

octahedral site) in Co0.6Mo1.4N2 suggests a higher valence for this site. The Shannon ionic radii 

suggest a decrease in ionic radius of 0.04 Å on moving from Mo
3+

 to Mo
4+

, though it should be 

noted that the ionic radii of these ions were assigned based on a limited data set (two halide 

structures for 3+, one halide structure for 4+). Based on its bond length (2.11 Å), the Mo valence 

on the trigonal prismatic site of Co0.6Mo1.4N2 should be similar to that observed for MnMoN2 

(2.12 Å Mo-N bond length) and Fe0.8Mo1.2N2 (2.13 Å) and is probably near 4+ based on these 

analogies.
[134,144] 

This is larger than the +3.6 valence of the trigonal prismatic site calculated for 

the Co0.6Mo1.4N2 stoichiometry obtained (assuming that the octahedral site is a mixture of 

divalent Co and trivalent Mo), though this valence could be raised all the way to +4 if there are 

~20% vacancies on the octahedral cation site. The compound LiMoN2 is expected to have a 5+ 

Mo valence, and has been reported to have Mo-N bond length of 2.09 Å
[157]

 which is 

substantially shorter than observed for Co0.6Mo1.4N2. An analysis of crystal field levels (Fig. 4.9) 

suggests that Mo
4+

 (d
2
) can benefit from the distortions associated with a trigonal prismatic 

environment while Mo
3+

 (d
3
) cannot, and that the observed structure of Co0.6Mo1.4N2 does an 

excellent job of satisfying the bonding preferences associated with the partial oxidation of Mo
3+

. 

Similar bonding factors presumably drive the conversion of trigonal prismatic 2H-MoS2 to 

octahedral 1T-LixMoS2 (and the accompanying increase in catalytic activity) during the reductive 

intercalation of Li.  In contrast to octahedral 1T-MoS2 (which was found to transform back to 

2H-MoS2 over a period of weeks
[97]

), the charge balance in Co0.6Mo1.4N2 is provided by a 

divalent ion that should be fully immobilized at room temperature allowing the trivalent 

octahedral Mo
3+

 that is presumably responsible for the enhanced HER activity to be very 

effectively stabilized. 
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Table 4.5 Comparison of refined bond distances for Co0.6Mo1.4N2 obtained through diffraction 

data (neutron and X-ray) and through neutron PDF fitting results.  

Bond 
Distance (Å) 

Neutron Neutron PDF X-ray 

Mo1-N 2.111(2) 2.120(5) 2.113(4) 

Co/Mo2-N 2.178(2) 2.171(6) 2.176(5) 

Co/Mo2-Mo1 2.747 2.752(2) 2.747 

Co/Mo2-Co/Mo2 2.852 2.851(1) 2.852 

Mo1-Mo1 2.852 2.851(1) 2.852 

N-N 
[a]

 2.642(6) 2.67(2) 2.65(1) 

[a]
 N – N distance refers to the vertical distance between trigonal prismatic nitrogen layers. The 

in-plane N – N distances are exactly equal to the a-lattice parameter (2.85 Å). 

 

Figure 4.9 Mo
3+

 (d
3
) configuration of an octahedral site (left) and Mo

4+
 (d

2
) configuration in a 

trigonal prismatic site (right), both of which represent the preferred geometry for their indicated 

oxidation state. 
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4.3.5 Surface Property 

Further insights into the valence of transition metals at the Co0.6Mo1.4N2 catalyst surface 

were obtained through XPS measurements (Fig. 4.10). Although Co species may not be directly 

involved in the ORR and HER reaction mechanism, knowledge of the Co valence will be helpful 

in understanding the Mo valence through charge balance arguments, and the results of the XPS 

are summarized in Table 4.6. Surprisingly, the composition determined from the XPS analysis 

(Table 4.7) suggests that the sample surface is enriched in Co relative to Mo (1.8:1 Co:Mo ratio, 

vs. 1:1 ratio of starting materials in synthesis). The dominant peak (49%) in the Co 2p3/2 XPS 

spectrum at 781.1 eV is from Co
2+

 coordinated to O or N ions, and is attributed to the 

Co0.6Mo1.4N2 phase. The impurity phase of metallic Co can be seen at 778.5 eV (12%) and the 

Co
3+

-O/N bonds which appear at 784 eV (22%) are probably due to the surface oxidation of 

metallic Co. The remainder of the contribution from the Co metal phase is observed at 787 eV 

(17%) associated with Co-OH moieties resulting from the reaction of Co metal (or even oxides) 

with moisture in air.
[158]

 The assignment of a bulk Co valence of 2+ in Co0.6Mo1.4N2 catalyst is 

supported by this XPS data despite the small amount of observed Co
3+

, which is believed to only 

occur through surface oxidation.   

The analysis of the Co0.6Mo1.4N2 Mo 3d XPS spectra is more complex due to a spin-orbit 

coupling feature that splits the 3d response into separate 3d5/2 and 3d3/2 peaks. MoO3 was used as 

a reference to determine the separation and relative intensities of Mo 3d5/2 and 3d3/2 peaks. 

Fitting of the Co0.6Mo1.4N2 data reveals three Mo 3d5/2 species: Mo
2/3+

 (229 eV, 55%), Mo
3/4+

 

(230 eV, 22%) and Mo
6+

 (232 eV, 22%). In the context of the analysis of bond distances, the first 

peak is ascribed to Mo
3+

, the second peak is assigned to Mo
4+

 in the prismatic layer, and the final 

peak of Mo
6+

 is attributed to surface Mo species that have been oxidized upon air exposure. 
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There is clearly strong ionic character in Co0.6Mo1.4N2, unlike the precursor compound Co3Mo3N 

which exhibits a substantial fraction of Mo
0
 and Co

0
 character in its XPS spectra (Table 4.6). The 

observed mixture of valence states in Co0.6Mo1.4N2 suggests that the ORR and HER 

electrocatalysis is associated with either the 3+/4+ or 4+/6+ pairs of valence states.  

Understanding N 1s XPS peaks is important for nitride compounds, but can only be 

accomplished after accounting for the effects of partially overlapping Mo 3p3/2 peaks. This 

allows two N 1s peaks to be resolved. The major species is N-Co/Mo (397 eV, 77%) which 

confirms that the surface of Co0.6Mo1.4N2 remains a nitride even after air exposure. This is 

consistent with the composition calculated by analyzing peak areas (Table 4.7), which suggests 

that the majority of anions at the surface are nitrogens.  The N-Co/Mo binding energy is closer to 

the value expected for Mo-N bonds (396.7 eV) than for Co-N bonds (398.1 eV).
[126]

 The other 

visible N 1s species is assigned to NH groups (399 eV, 23%) which demonstrates that H species 

are abundant at the sample surface. Although the origin of the surface H is likely due to an 

adventitious process such as incomplete reaction with NH3 or reaction with moisture, this signal 

does indicate that N ions at the sample surface are able to strongly interact with H species, and 

that a large number of N-H moieties should be available to participate in the HER reaction 

mechanism if a reaction pathway of this type is energetically favorable.   
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Figure 4.10 XPS spectra of Co0.6Mo1.4N2: (a) Co 2p, (b) Mo 3d and (c) N 1s. 
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Table 4.6 XPS analysis of Co3Mo3N and CoMoN2.   

Sample 
Mo 3d5/2 Mo 3d5/2 / 3d3/2 Co 2p3/2 

Mo
0 

Mo
2/3+

 Mo
3/4+

 Mo
6+

 Co
0 

Co
2+

-O/N Co
3+

-O/N
 

Co
2+

 -OH 

Co3Mo3N   

%
[a]

       

227.77 228.86 231.09 232.25 778.39 781.16 783.54  

26.7 28.6 39.9 4.8 24.0 51.7 24.3  

CoMoN2 

%
[a]

       

 228.89 230.34 232.01 778.49 781.12 783.55 786.96 

 55.4 22.2 22.4 12.0 49.0 22.3 16.7 

 

 

 

 

 

 

[a]
 Due to the overlap of the Mo 3d3/2 signals from the Mo

2/3+ 
and Mo

3/4+
 species with the Mo3d5/2 

signal of Mo
6+

 the concentrations of Mo
2/3+

, Mo
3/4+

 and Mo
6+

 species were estimated by 

measuring the Mo 3d5/2 and Mo 3d3/2 signals, using a least squares fit for MoO3, and calculating 

the relative intensity of these two signals (Mo 3d5/2:Mo 3d3/2 = 1.8).  This factor was used to 

estimate the Mo 3d3/2 intensity from the Mo
2/3+ 

and Mo
3/4+

 species, which overlap with the Mo 

3d5/2 signal for Mo
6+

 (~233 eV).  The percent of each Mo
6+ 

surface species was then estimated by 

subtracting the calculated Mo 3d3/2 signal from the Mo
2/3+ 

and Mo
3/4+

 species, then normalizing 

the percent species to this calculated value. 

[b] 
N concentrations calculated removing Mo 3p component. 

Table 4.7 Atomic fractions calculated from XPS analysis of Co3Mo3N and CoMoN2. 

 

 

 

  

Sample 
Mo 3p3/2 N 1s O 1s 

 
 Co/Mo-N N-H Co/Mo-O

 
Co/Mo-OH or C-O 

Co3Mo3N 

%
[b]

       

393.81 395.64 397.73 399.79 530.46 533.52 

  83.7 16.3 90.0 10.0 

CoMoN2 

%
[b]

       

392.67 394.50 396.75 398.98 531.10  

  77.0 23.0 100  

Sample C:Co:Mo:O:N Co:Mo:O:N 

Co3Mo3N 15.8:15.1:13.7:35.0:20.3 18.0:16.3:41.6:24.2 

CoMoN2 18.7:16.2:9.1:36.3:19.8 19.9:11.2:44.6:24.3 
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4.3.6 ORR Performance 

The ORR electrocatalytic activity of Co0.6Mo1.4N2 was tested to determine the influence 

of cobalt-doping and particle morphology on performance, and to learn if enhancements could be 

achieved relative to δ-MoN. Figure 4.11 shows the typical voltammograms for oxygen reduction 

using a Co0.6Mo1.4N2 modified electrode in 0.1 M HClO4 solution. The reduction peak around 

0.33 V vs. RHE is observed under both atmosphere and for other molybdenum nitrides. Hence, 

this peak is attributed to the reduction of Mo species to Mo
3+

.
[135]

 The current difference of CVs 

collected under Ar and O2 is considered to be the ORR current. The ORR onset potential, Eonset is 

defined as the potential when the current density is 25 μA/cm
2
. Eonset of CoMoN2 reaches 0.713 V 

vs. RHE which is higher than that of δ-MoN (Eonset = 0.680 V). As can be seen in Fig. 4.12a, 

Co0.6Mo1.4N2 exhibits a larger current density than hexagonal δ-MoN at all relevant potentials. 

Co0.6Mo1.4N2 also has a smaller Tafel slope (90 mV/dec) than δ-MoN (100 mV/dec) which 

further supports the conclusion that oxygen can be reduced more easily on Co0.6Mo1.4N2 than on 

monometallic MoN (Fig. 4.12b). The enhanced activity of Co0.6Mo1.4N2 relative to δ-MoN is due 

to changes in both morphology and the electronic structure that Co substitution induces.  

 

Figure 4.11 Linear sweep voltammograms for Co0.6Mo1.4N2 in Ar and O2 collected in 0.1 M 

HClO4. 
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Figure 4.12 (a) RDE curves of δ-MoN and Co0.6Mo1.4N2 collected in O2-saturated 0.1 M HClO4. 

(b) Corresponding Tafel plots of δ-MoN and Co0.6Mo1.4N2. 
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To test the influence of substitution element on activity, the ORR activities of FeMoN2 

and CoMoN2(s) are also compared to that of Co0.6Mo1.4N2 (Fig. 4.13). CoMoN2(s) synthesized 

by solid form has a lower cobalt doping level than Co0.6Mo1.4N2 synthesized by gaseous form 

and that results in a lower ORR activity of CoMoN2(s). The catalytic activity of FeMoN2 is 

shifted to more negative potentials by about 0.10 V, indicating that the activity is robust in this 

structural family while Co is more effective in increasing the activity. It should again be noted 

that Co3Mo3N is inactive for ORR, and that more than just the presence of these three atom types 

is needed for good catalytic activity. It therefore suggested that the major enhancements are the 

introduction of Co and the change of crystal structure.  

 

Figure 4.13 RDE curves of Co0.6Mo1.4N2, CoMoN2(s) and FeMoN2 in O2-saturated 0.1 M 

HClO4. 
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The ORR mechanism of Co0.6Mo1.4N2 was studied through RDE measurements at 

different rotation speeds (Fig. 4.14). Polarization curves collected at 400 to 2500 rpm were used 

to determine the number of transferred electrons, n, during the oxygen reduction process. Below 

0.50 V vs. RHE, the calculated electrons n is 4.07 – 4.14 which indicates a four-electron pathway 

is dominant for ORR in that potential range. Above 0.50 V vs. RHE, oxygen reduction occurs 

through both two and four electron pathways. Further optimization on Co0.6Mo1.4N2 is needed in 

order to catalyze the ORR via a 4e process at higher electrode potential. Although cobalt-

containing compounds are typically easily dissolved in acid solution, Co0.6Mo1.4N2 is relatively 

stable under strongly acidic conditions. The electrochemical capacitance after durability tests 

showed a slight reduction which indicated the decrease of active surface area or dissolution of 

Co metal (Fig. 4.15a). However, the ORR performance of Co0.6Mo1.4N2 remained active after 

2000 cycles and no obvious decay was observed (Fig. 4.15b).  

 

Figure 4.14 ORR data collected in 0.1 M HClO4: (a) RDE curves of Co0.6Mo1.4N2 at the rotating 

speed of 400 to 2500 rpm. (b) Corresponding Koutecky-Levich plots in the potential range of 

0.30 V to 0.50 V vs. RHE. 
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Figure 4.15 (a) CV curves of Co0.6Mo1.4N2 before (black) and after (red) durability test. CVs 

were measured in air saturated 0.1 M HClO4 from 0.05 to 0.8 V vs. RHE at a scan rate of 100 

mV/s. (b) RDE curves of Co0.6Mo1.4N2 in O2 before and after durability tests. Durability tests 

were performed by applying linear potential sweeps between 0.05 to 0.8 V vs. RHE at a scan rate 

of 100 mV/s. 
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4.3.7 HER Performance 

The characterization of ternary Co0.6Mo1.4N2 for HER activity is of particular interest 

given the high activity for chemical analogues such as MoS2 
[83,97,99]

 and Ni-Mo-N 

nanosheets
[105]

. A typical polarization curve of Co0.6Mo1.4N2 in acidic media (0.1 M HClO4) 

under H2 atmosphere measured in a RDE configuration is shown in Fig. 4.16, and it can be seen 

that large currents are  achieved at modest overpotentials (~0.2 V), indicating excellent catalytic 

activity in samples prepared using a Co3Mo3N precursor that shows poor activity for HER. 

Data are also shown for Co metal and δ-MoN which were produced by nitridation to 

simulate the plausible binary reaction byproducts (Fig. 4.17). The activity of Co0.6Mo1.4N2 is far 

higher than the binary phases which are stable under reaction conditions, strongly suggesting that 

Co0.6Mo1.4N2 is the active phase for HER. The as-measured Co0.6Mo1.4N2 reaction currents do not 

directly reflect the intrinsic sample behavior due to the effects of Ohmic resistance, which was 

determined to be approximately 25 Ω measured by electrochemical impedance spectroscopy 

(EIS). An iR correction was therefore applied to the initial data, and this corrected data (dashed 

line, Fig. 4.17) was used for further analysis. A catalytic current of 10 mA/cm
2
 is achieved at a 

potential of -0.20 V vs. RHE, with this overpotential only about 0.1 V larger than needed for a 

Pt/C catalyst system tested under identical conditions.  
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Figure 4.16 Polarization curves for Co3Mo3N (0.24 mg/cm
2
) and Co0.6Mo1.4N2 (0.24 mg/cm

2
) 

measured on RDE (1600 rpm) in H2-saturated 0.1 M HClO4 without iR correction.  

 

Figure 4.17 Polarization curves of Co, δ-MoN, Co0.6Mo1.4N2 and Pt in H2-saturated 0.1 M 

HClO4 with (dotted line) and without (solid line) iR-correction.  
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Although the Co0.6Mo1.4N2 samples prepared from Co3Mo3N have a reasonable electronic 

conductivity and show good activity even in the absence of additives, the catalytic current is 

approximately halved when a conductive additive (carbon black) is omitted from the catalyst ink 

(Fig. 4.18). Another factor potentially limiting the measured HER activity is the bubbles of 

gaseous hydrogen evolved during the reaction. However, measurements carried out using carbon 

paper with good porosity and a low resistance (3.5 Ω by EIS) in place of a RDE show a lower 

HER activity (Fig. 4.19). This indicates that mass diffusion is limiting electrocatalytic activity in 

the absence of electrode rotation, as might be expected for a highly active catalyst.  

 

Figure 4.18 Polarization curves for Co0.6Mo1.4N2 ink with (black line) and without (red line) 

carbon black measured on RDE (1600 rpm) in H2-saturated 0.1 M HClO4 after iR correction.  
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Figure 4.19 (a) Polarization curves for δ-MoN (0.105 mg/cm
2
) and Co0.6Mo1.4N2 (0.224 mg/cm

2
) 

measured on carbon paper in H2-saturated 1 M HClO4 with (solid line) and without (dashed line) 

iR correction. (b) Comparison of Co0.6Mo1.4N2 activity measured on RDE (1600 rpm) and on 

carbon paper in acidic solution after iR correction. 

 

 

 



 

130 

 

The iR-corrected activity of Co0.6Mo1.4N2 is rescaled and shown in the form of a Tafel 

plot together with the data on δ-MoN and Pt (Fig. 4.20), which can be used to better understand 

the relative performance of these systems. The simpler binary system δ-MoN requires a large 

overpotential (~0.3 V) before substantial catalytic currents of 5 mA/cm
2
 are obtained. The lower 

activity of δ-MoN is reflected in the low exchange current density, j0, of 1.5 × 10
-5

 A/cm
2
 

obtained from curve fitting using a unidirectional Butler-Volmer equation 

         
    

  
       (4.1) 

At small current density (low overpotential) region, the Eq.4.1 can be simplified to Eq.4.2 

    
  

  
      (4.2) 

while j0 = 0.8 × 10
-5

 A/cm
2
 for δ-MoN is found from linear fits to the low-overpotential region 

(Fig. 4.21).
[159]

  The δ-MoN exchange current is far less than the j0 = 2.2 × 10
-3

 A/cm
2
 obtained 

from Pt in the linear regime. In contrast, a Co0.6Mo1.4N2 exchange current of j0 = 2.3 × 10
-4

 

A/cm
2
, which is within a single order of magnitude of the Pt activity, illustrates the high catalytic 

activity of this system. This exchange current density compares favorably with other Mo-based 

catalysts (Table 4.8). A simple analysis of the Tafel slope of Co0.6Mo1.4N2 is not possible as the 

logarithm of current density does not increase linearly with overpotential, signifying that the 

current is mass-transport controlled
[160]

 and/or that evolved hydrogen gas is limiting the available 

surface area and reaction rate at higher current densities. A robust mechanistic analysis will 

require more crystalline films, which will be the subject of future investigations. 
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Figure 4.20 Tafel plots of δ-MoN, Co0.6Mo1.4N2 and Pt in 0.1 M HClO4 with iR-correction.  

 

Figure 4.21 Current densities of δ-MoN, Co0.6Mo1.4N2 and Pt in 0.1 M HClO4 at low 

overpotentials after iR-correction. 
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Table 4.8 Comparison of HER activity measured for Co0.6Mo1.4N2 with that reported for other 

systems with known HER activity under acidic conditions.
[83,93,97,99,103-106]

 

Catalyst 
Loading 

(mg/cm
2
) 

Electrode Electrolyte 

Current 

density 

(mA/cm
2
) 

Over-potential 

(mV vs. RHE) 

Exchange 

current 

density 

(A/cm
2
) 

Co0.6Mo1.4N2 0.243 
Glassy 

carbon 

0.1M  

HClO4 
10 ~190 2.3×10

-4
 

Ni2P
 

1 Ti foil 
0.5M  

H2SO4 
20 130 

3.3×10
-5 

4.91×10
-4 

2H-MoS2 

film 
N/A 

Glassy 

carbon 

0.5M  

H2SO4 
1 300 2.2×10

-6 

MoS2/ MoO3 N/A FTO 
0.5M  

H2SO4 
2 200 N/A 

1T-LixMoS2 N/A 
Graphitic 

rod 

0.5M  

H2SO4 
10 185 N/A 

Bulk Mo2C 3.3 
Carbon 

paste 

electrode 

0.5M  

H2SO4 
20 ~240 1.3×10

-6 

Bulk MoB 2 
0.5M  

H2SO4 
20 ~240 1.4×10

-6 

Mo2C/CNT 2 
Carbon 

paper 

0.1M  

HClO4 
10 ~150 1.4×10

-5 

Ni-Mo-N 0.25 
Glassy 

carbon 

0.1M  

HClO4 
3.5 ~200 2.4×10

-4
 

Ni-Mo 3 Ti foil 
0.5M  

H2SO4 
10 80 N/A 
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The faradaic yield of H2 production by Co0.6Mo1.4N2 after delivery of 30 Coulombs of 

charge was determined to be essentially stoichiometric (> 90%) by galvanostatic electrolysis. 

The stability of Co0.6Mo1.4N2 during hydrogen production is excellent, as illustrated in Fig. 4.22. 

The activity of the catalyst slightly changes over the first 50 cycles due to surface cleaning or 

molybdenum reduction between +0.2 and -0.3 V vs. RHE, but remains unchanged afterwards 

over the test period of 3000 cycles in 0.1 M HClO4. This suggests that there is an initial 

conditioning of the catalyst through a reductive process which contributes extra current at low 

overpotentials. After conditioning, steady currents can be achieved. 

 

Figure 4.22 (a) Polarization curves for Co0.6Mo1.4N2 without iR correction illustrating the 

conditioning of the electrode that occurs over the first 50 cycles. (b) Stability data for 

Co0.6Mo1.4N2 measured over 3000 cycles (+0.2 to -0.3 V vs. RHE, 100 mV / s) on RDE in H2-

saturated 0.1 M HClO4 with iR correction applied.  

 

In addition to being active for HER under acidic conditions, Co0.6Mo1.4N2 system also 

exhibits good activity for the HER under alkaline conditions (Fig. 4.23) though with less activity 

(shift to voltages ~0.1 V more negative). Co0.6Mo1.4N2 exhibits superior activity over δ-MoN in 

both acidic and basic conditions, which further suggests that this activity is inherent to the 
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ternary phase. Both δ-MoN and Co0.6Mo1.4N2 have a Tafel slope of about 80 mV/ decade, though 

the exchange current density of Co0.6Mo1.4N2 (5.6 × 10
-5 

A/cm
2
) is substantially higher than that 

of δ-MoN (1.1 × 10
-6 

A/cm
2
). 

    

 

Figure 4.23 (a) Polarization curves for δ-MoN and Co0.6Mo1.4N2 measured on a RDE (1600 rpm) 

in H2-saturated 0.1 M KOH with iR correction. (b) Corresponding Tafel plot. 
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In both acidic and alkaline environments, the activity of ternary Co0.6Mo1.4N2 is very 

much improved over that of binary δ-MoN. Although further experimental and theoretical studies 

will be required to obtain a full understanding of the origins of this enhancement, some 

hypotheses can be put forward by an examination of structural relationship between 

Co0.6Mo1.4N2 and other Mo-containing HER catalysts. The HER activity observed for MoS2, 

Mo2C, MoB, δ-MoN and Ni-Mo-N suggest that the HER activity in Co0.6Mo1.4N2 originates from 

surface Mo sites though likely without the severe geometry restrictions of MoS2 (for which only 

edge sites are highly active
[83]

). Given the layered structure, it is expected that catalytically active 

Mo ions at the surface of Co0.6Mo1.4N2 are coordinated by an interior triangle of three N ligands 

in a close-packed plane regardless of whether they originate in the trigonal planar or octahedral 

layers, and that Mo ions have flexibility in their exterior ligands (N
3-

, NH
2-

, O
2-

, OH
-
, H

-
, H, etc.) 

whose number and charge may vary during the catalytic cycle. The electronic states of surface 

Mo species in Co0.6Mo1.4N2 can be tuned by both the strain (smaller a-lattice than δ-MoN) and 

by the chemical bonding originating with the 3d transition metal Co, which may be expected to 

shift both the position and width of the d-electron manifold associated with the surface Mo ions. 

Since Co ions are readily dissolved under acidic conditions, it is also possible that the activity 

enhancement is geometric in nature, in which the Co ions in the mixed Co/Mo octahedral layers 

are removed upon exposure to acid resulting in a large number of highly exposed Mo ions being 

presented at the catalyst surface. Although synergistic effects due to the presence of both Co and 

Mo ions at the surface could be postulated, it seems unlikely that this would be responsible for 

the activity enhancement given the ease with which exposed Co ions can be dissolved in acid. In  

contrast, Co ions in bulk octahedral layers are protected from acid exposure by Mo ions present 
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within the octahedral layer and by covering Mo ions in neighboring trigonal prismatic layers, 

allowing good acid stability of bulk Co ions in this electrocatalysis.  

4.4 Conclusions 

A synthetic route for producing highly active nanostructured non-noble metal 

electrocatalysts (Co0.6Mo1.4N2) for ORR and HER has been demonstrated. Co0.6Mo1.4N2 was 

prepared by two-step annealing under flowing ammonia. First annealing at 750°C produced 

cubic Co3Mo3N which barely showed catalytic activity for ORR and HER. The following 

annealing of Co3Mo3N at 400°C produced hexagonal Co0.6Mo1.4N2 with nanoscale morphology 

which exhibited enhanced ORR and HER performance over structural related δ-MoN. A current 

density of 10 mA/cm
2
 at overpotential of 200 mV was achieved for Co0.6Mo1.4N2, which 

illustrated its superior activity toward HER. Co0.6Mo1.4N2 remained highly stable in acidic 

condition and no remarkable deterioration in performance was observed after 2000-3000 cycles.  

This electrocatalyst is shown by neutron diffraction to have a four-layered mixed closed 

packed structure with alternating layers of octahedral sites (occupied by divalent Co and trivalent 

Mo) and trigonal prismatic sites (occupied by Mo with a valence larger than three but not more 

than four), and has not previously been reported to exhibit HER activity. It is expected that the 

layered nature of this structure allows the 3d transition metal to tune the electronic states of 

molybdenum at the catalyst surface without disrupting the catalytic activity and that alternative 

substitutions on the octahedral site of this structure type may lead to even better ORR and/or 

HER activity. It is desirable to further develop synthetic routes that give more control over 

particle size and/or access different Mo oxidation states in order to achieve optimal catalytic 

activity in this structure type, and to gain additional experimental and theoretical insights into the 

mechanism of HER activity in this structure type. 
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Chapter 5. Synthesis, Structural Characterization and Activity of Iron Tungsten Nitride 

5.1 Introduction 

Nitrides exhibit technologically useful properties for diverse applications such as 

catalysts, electronic and magnetic materials. Transition metal nitrides have high melting points, 

good hardness and corrosion resistance which are desired properties for catalysts. Binary nitrides 

have been widely studied. The ORR activity of W2N/C was studied under half and single fuel 

cell conditions. W2N displayed effective activity in sulfuric acid with a maximum power density 

of ~40 mW/cm
2
 in a single cell PEMFC test. It also displayed stable activity for 80 hrs without 

deactivation.
[45]

  

It is intriguing to explore ternary nitrides since they may have enhanced properties 

relative to binary nitrides. Iron based oxide and nitride compounds have been extensively 

investigated due to the natural abundance of iron. In general, moderate or low temperature 

synthesis is needed for the successful preparation of ternary nitrides. Ternary nitrides such as 

Li3FeN2 and Ca6FeN5 can be synthesized by reacting alkali or alkaline earth nitrides/amides with 

transition metal nitrides.
[161]

 An alternative synthesis route is reacting ternary oxide precursors 

with ammonia. For example, FeWN2 was synthesized by ammonolysis of FeWO4 under NH3 at 

700 °C.
[144] 

In previous chapter, ternary cobalt molybdenum nitride has shown superior catalytic 

activity. The structurally related iron tungsten nitride may have similar behavior. In this section, 

we report the synthesis, crystal structure, morphology and electronic structure of FeWN2 based 

on diffraction (X-ray and neutron) and electron microscopy (SEM and TEM) measurements. 

Electrochemical measurements of FeWN2 have been performed to test its capability for 

catalyzing oxygen reduction.  
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5.2 Experiment Section 

5.2.1 Synthesis 

An oxide precursor FeWO4 was prepared by dropwise addition of 20 mL (0.165 M) 

aqueous FeCl2 (Alfa Aesar, 99.7%) into a 10 mL (0.33 M) solution of Na2WO4•2H2O (Alfa 

Aesar). The resulting brown suspension was stirred for 1 hour, filtered, washed, and dried at 

120 °C overnight. FeWN2 was synthesized by heating amorphous FeWO4 at 700 °C (5 °C / min 

heating rate) for 15 hours under flowing ammonia (50 mL / min) inside a fused quartz tube. After 

15 hours, the sample was cooled rapidly to room temperature.   

5.2.2 Characterization 

Laboratory X-ray powder diffraction patterns were obtained using a D8 Advance X-ray 

diffractometer (Bruker, AXS) with a Bragg-Brentano geometry using Cu Kα radiation (λ = 

1.54056 Å). Scans were collected with a fixed divergence slit width of 0.6°, a 2θ range of 7 to 

120°, a collection time of 1.5 s per step, a diffractometer radius of 300 mm, and a 192 channel 

LynxEye position sensitive detector. Synchrotron X-ray diffraction data were collected at the 

beamline X7B (λ = 0.3196 Å) and X14A (λ = 0.7788 Å) of the National Synchrotron Light 

Source (NSLS) at Brookhaven National Laboratory. 

Time-of-flight (TOF) neutron diffraction measurements were performed on the 

nanoscale-ordered materials diffractometer (NOMAD) at the Spallation Neutron Source (SNS), 

Oak Ridge National Laboratory. About 100 mg of powder were loaded into a 2 mm diameter 

capillary, with data acquisition time of 100 min per sample for a total proton charge of 5.4 × 10
12

. 

Data processing of both pair distribution function (PDF) and Bragg diffraction data was done 

using custom beamline-specific software coded in IDL. The TOPAS software package (Version 

4.2, Bruker AXS) was used for Le Bail and Rietveld refinements of data. 
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Scanning electron microscopy (SEM) analysis was carried out on a JEOL 7600F high 

resolution microscope with capabilities for energy-dispersive X-ray spectroscopy (EDX). 

Transmission electron microscopy (TEM) was performed on a JEOL 1400 microscope operated 

at an accelerating voltage of 120 kV. Thermogravimetric analysis (TGA) was done on a Q5000IR 

system (TA instruments). TGA scans were run under flowing O2 (25 mL / min) with ramp rates 

of 1 °C / min and held at 900 °C for 4 hours. 

A PHI 3056 X-ray Photoelectron Spectroscopy (XPS) spectrometer with an Al source in a 

2 × 10
-10

 Torr vacuum chamber was used to characterize sample surfaces. The instrument was 

calibrated before use with Au and Ag foils. Powder sample was pressed into In foil (Alfa Aesar), 

which was attached to the sample holder using carbon tape. High resolution scans were taken 

with a 5.85 eV pass energy, 0.05 eV energy step, and with 100 repeats to reduce instrument 

noise. Charging effects were compensated by shifting binding energies based on adventitious C 

1s peak (284.8 eV). Peak fits and atomic surface concentration analysis was performed using 

PHI Multipack software.  

5.2.3 Electrochemical Measurement 

Catalyst inks for electrochemical testing were prepared by adding a mixture of 2 mg 

nitride sample and 2 mg carbon black (Vulcan XC72) to a solution of 500 μL Milli-Q water, 500 

μL isopropyl alcohol (70% v/v, Aldrich), and 50 μL Nafion-117 (5 wt%, Aldrich), and then 

sonicating for 30 min to disperse the catalysts in the ink. Afterwards, 25μL of fresh catalyst ink 

was dropped onto a glassy carbon (GC) disk electrode (0.196 cm
2
 geometrical area, Pine 

Research Instrument) and dried at room temperature. All electrochemical measurements were 

conducted in a three electrode conventional glass cell with an electrolyte solution of 0.1 M 

HClO4. Ag/AgCl was used as reference electrode and Pt foil was used as auxiliary electrode. 
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Both cyclic voltammetry (CV) and rotating disc electrode (RDE) measurements were performed 

by sweeping from 0.05 to 1.0 V vs. RHE at a scan rate of 10 mV/s. CV data were recorded in 

acid solution saturated with either Ar or O2 gas. RDE measurements were collected in O2-

saturated solution with a rotation speed of 1600 rpm.  

5.3 Results and Discussion 

5.3.1 Crystal Structure and Composition 

Indexing of powder diffraction patterns (X-ray and neutron) for FeWN2 gave a hexagonal 

unit cell of a = 2.8767 Å and c = 10.9458 Å (Fig. 5.1). On the basis of previous investigation, the 

space group P63/mmc (No. 194) was chosen for refinements.
[144]

 Careful analysis of the X-ray 

diffraction data revealed the formation of a small amount of iron nitride (Fe3N) impurity. The 

impurity phase is generated at lower temperature than FeWN2 and is dependent on the cooling 

rate as a slow cooling rate gives more impurity. Owing to the presence of impurity, iron tungsten 

nitride actually is iron deficient. Therefore, the site occupancy of iron was allowed to vary and 

the Fe occupancy was found to be between 0.80 and 0.84 for different data sets. The 

crystallographic parameters freely refined for FeWN2 include the positions of nitrogen, the site 

occupancy of Fe and the thermal displacements for each atom. Refinements of synchrotron X-ray 

data did not provide resonable thermal displacement parameters due to the high absorption of 

tungsten and the insensitivity to light nitrogen atom. Rietveld refinement of neutron data was 

instead used to determine its crystal structure (Table 5.1). The refinement results show that 

nominal “FeWN2” is structurally related to (Co0.6Mo0.4)MoN2 described in Chapter 4. In 

(Co0.6Mo0.4)MoN2, the 2b site is occupied by both Co and Mo. In “FeWN2”, the 2b site consists 

of Fe and vacancies while W is only located at the 2a site. The nitride formula can be written as 

(Fe0.8 0.2)WN2, whereas  denotes vacancies. W atoms can potentially be mixed with Fe at the 
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same site if different synthesis protocols are used. It has been reported that (Fe0.8W0.2)WN2 is 

synthesized using Fe2(WO4)3.
[162]

 Nitrogen atoms exhibit anisotropic thermal displacements 

(ellipsoids are elongated along c-axis) which were also found for (Co0.6Mo0.4)MoN2.  

The (Fe0.8 0.2)WN2 structure contains layers of edge-shared octahedra (FeN6) alternating 

with layers of edge-shared trigonal prisms (WN6), where the octahedra and trigonal prisms are 

face-shared in c-direction. Iron tungsten nitride has an identical or similar stacking sequence with 

a number of other nitrides, including (Fe0.8W0.2)WN2, (Fe0.8Mo0.2)MoN2, MnWN2, LiMoN2, 

Ta5N6 and Nb5N6.
[134,157,162] 

Table 5.1 Refined atomic positions for Fe0.8WN2 based on neutron Rietveld refinement. 

Formula Space group a (Å) c (Å) V(Å
3
) Rwp Rp 

Fe0.8WN2 P63/mmc 2.8767(2) 10.9458(8) 78.44 4.841 5.827 

 

 Wycoff x, y, z Occupancy Uij or Uiso(Å
2
) 

W 2a 0, 0, 1/4  1.0 Uiso = 0.0023(2) 

Fe 2b 0, 0, 0 0.799 (5) Uiso = 0.0118(6) 

N 4f 1/3, 2/3, 0.1326(1) 1.0 

U11= U22= 0.0030(3) 

U33 = 0.018(1) 

U12 = 0.0015 

U13= U23= 0 
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Figure 5.1 Rietveld refinement profiles for Fe0.8WN2 using X-ray and time of flight neutron 

data. Synchrotron X-ray data: (a) λ = 0.7188 Å; (b) λ = 0.3196 Å. Neutron data are ordered by 

increasing scattering angles: (c) bank 2-2θ=31°; (d) bank 3-2θ=67°; (e) bank 4-2θ=122°; (f) bank 

5-2θ=154°. The black line indicates the observed data, the red line indicates the calculated data 

and the lower black line indicates the difference curve.  
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The composition of iron tungsten nitride can be indirectly examined by TGA analysis 

(Fig. 5.2). The nitride was decomposed in oxygen at 900 °C, where the oxidation products were 

identified as a mixture of Fe2WO6 and WO3, both containing fully oxidized W
6+

. No evaporation 

of WO3 at high temperature (900 °C) was observed. The weight gain is 14.67 wt% which is 

slightly smaller than theoretical value (15.27 wt% for Fe0.8WN2 and 16.02 wt% for mixture of 

Fe0.8WN2 and Fe3N). The smaller mass gain may indicate the presence of residual oxygen (1.17 

wt%) in the bulk nitride. Small amounts of oxygen are also detected by EDX measurements.  

 

Figure 5.2 Thermogravimetric response of Fe0.8WN2 (with 4.5 wt% impurity Fe3N) heated under 

oxygen from room temperature to 900 °C. 

Local structure and atom-atom correlations were probed via pair distribution function 

analysis (Fig. 5.3). According to neutron PDF refinement result, the local structure at the atomic 

scale can be well described by the four-layered structure with alternating FeN6 octahedral and 

WN6 trigonal prismatic stacking sequences which is in good agreement with the average 

structure (Table 5.2). The occupancy of Fe is refined to be 0.81, confirming the presence of 

vacancies at the octahedral site. The fit of X-ray PDF data is not as good as the fit of neutron 

PDF data which may be due to the different percentages of impurity Fe3N phase present in 
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samples measured by X-ray and neutron radiation respectively. Samples for X-ray PDF 

experiments contained more impurity phase which was confirmed by lower occupancy of Fe 

(~0.68) in nitrides.  

 

Figure 5.3 (a) Neutron PDF fit from r = 1.7 Å to 20 Å for Fe0.8WN2. (b) X-ray PDF fit from r = 

1.7 Å to 10 Å for Fe0.8WN2. 

Table 5.2 Refined atomic positions for Fe0.8WN2 based on neutron PDF (a = 2.8739 (8) Å and c 

= 10.928(4) Å). 

Formula Space group a (Å) c (Å) V(Å
3
) Rwp 

Fe0.8WN2 P63/mmc 2.8739(8) 10.928(4) 78.17 7.460 

 

 Wycoff x, y, z Occupancy Uij or Uiso(Å
2
) 

W 2a 0, 0, 1/4  1.0 Uiso = 0.006(1) 

Fe 2b 0, 0, 0 0.81(4) Uiso = 0.013(2) 

N 4f 1/3, 2/3, 0.1309(4) 1.0 

U11= U22= 0.0091(5) 

U33 = 0.011(1) 

U12 = 0.0045 

U13= U23= 0 
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PDF analysis can provide insights into the bond lengths and valence states in Fe0.8WN2. 

The bond length derived from neutron PDF is consistent with that from Rietveld refinement 

result of neutron data (Table 5.3). However, the bond lengths between transition metal and 

nitrogen (Fe-N and W-N) are very different from prior literature result (“FeWN2”, a = 2.8763 Å, 

a = 10.932 Å) while the metal-metal bonds are quite similar. The difference is mainly caused by 

the inaccurate nitrogen coordinate that is calculated from laboratory X-ray diffraction data. 

Compared to stoichiometric FeWN2, the charge balance of non-stoichimetric Fe0.8WN2 can be 

maintained by oxidation of Fe/W or incorporation of protons. Herein, the shorter W-N distance 

means the oxidation of W whereas the longer Fe-N distance indicates the reduction of Fe.  

Although it is challenging to verify the oxidation states in transition metal nitrides, a 

bond valence calculation can still be instructive to understand the metal-nitrogen bond distances 

and bond types. Using bond valence method described by Brese and O’Keefe,
[163]

 the valence 

state of transition metals can be tabulated. The bond valence parameters used for the calclutions 

are 1.86 Å for Fe-N and 2.06 Å for W-N. According to the bond valence calculations, iron has a 

valence of +2.5 (Fe-N is 2.202 Å from neutron refinement, calculated Fe
2+

-N is 2.27 Å and Fe
3+

-

N is 2.12 Å) while tungsten has a valence of +5.3 (W-N is 2.103 Å from neutron refinement, 

calculated W
4+

-N is 2.21 Å, W
5+

-N is 2.13 Å and W
6+

-N is 2.06 Å). Based on the stoichiometry 

of the nitride, the oxidation state for W is +4 if Fe is +2.5 or the oxidation state of Fe is +0.875 if 

W is +5.3. This result indicates that the metal-nitrogen bond lengths are shorter than expected 

and the nitride is not fully ionic. Metal-nitrogen bonds in this ternary nitride have both ionic and 

covalent bonding characters. The interplanar N-N bond length is 2.603 Å, shorter than the sum of 

the ionic radii (2.92 Å), confirming the partially covalent M-N bonds. 
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Table 5.3 Refined bond distances for Fe0.8WN2 obtained through neutron diffraction data and 

through neutron PDF fitting results. 

Bond 
Distance (Å) 

Neutron Neutron PDF “FeWN2”
144 

W-N 2.103(1) 2.109(3) 2.156 

Fe-N 2.202 2.191(3) 2.145 

N-N 2.580(4) 2.603(9) 2.75 

Fe-W 2.73644 2.732(1) 2.73301 

Fe-Fe (W-W) 2.87668 2.8739(8) 2.87630 

 

5.3.2 Surface Property 

Information about the composition and oxidation states at the nitride surface was 

obtained from XPS measurements (Fig. 5.4). The overall XPS spectrum includes peaks from Fe, 

W, N and O. Although the bulk material is a nitride which only contains a small amount of 

oxygen, the surface of the nitride contains a much higher concentration of oxygen that is 

commonly observed for other nitride materials after air exposure. Two types of oxygen peaks are 

present. The dominant peak at 529.97 eV is from the oxidation of nitride phase and indicates the 

formation of Fe-O or W-O bond. The minor peaks at 531.54 eV and 534.05 eV are from Fe/W-

(OH)x species presumably due to the adsorption of moisture from air.  

The W spectra consist of two peaks, the W 4f7/2 peak which is at lower binding energy 

and the W 4f5/2 peak, which is at higher binding energy. The separation between these two peaks 

is about 2 eV.  The binding energy of W
4+

 is between 32.0 eV and 33.4 eV while W
6+

 is around 

36 eV.  Based on these prior assignments, most of the W is reduced and in a state close to 4+ 

(85%), however there is still a small concentration of W
6+

 in the top few nanometers of the 
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surface. The Fe spectra demonstrate that Fe0.8WN2 surface contains about 63% Fe
3+

 and 37% 

Fe
2+

. Relative to tungsten, it is much easier for iron to be oxidized to its highest oxidation state. 

The N 1s spectrum indicates that nitrogen species are still on or near the surface even though the 

surface contains oxygen. Similar to other nitrides, both Fe/W-N and N-H species are present. The 

majority of nitrogen species (98%) is ascribed to metal-nitrogen bonding, consistent with the 

bulk phase.  Only a small quantity of N-H species is induced from the NH3 reaction, unlike Co-

Mo-O-N and Co0.6Mo1.4N2.  

 

Figure 5.4 Overall XPS spectrum of Fe0.8WN2 showing Fe 2p, O 1s, N 1s and W 4f spectra.  

Table 5.4 XPS analysis of Fe0.8WN2. 

Sample 
W

4+
 W

6+
 Fe 2p3/2 

4f7/2
 

4f5/2 4f7/2 4f5/2 5p3/2 Fe
2+ 

Fe
3+

 Fe
2+

-OH
 

Fe
3+

-OH 

Fe0.8WN2   

%      

32.18 34.31 35.49 37.26 39.5 708.07 710.45 712.13 713.80 

84.7  15.3   17.0 52.0 20.3 10.7 

Sample 

N 1s O 1s 

W/Fe-N N-H 
Fe/W-O

 
Fe/W-OH Fe/W-(OH)2 

 

Fe0.8WN2   

%      

396.72 398.19 399.66 529.97 531.54 534.05 

88.3 9.7 2.0 68.3 23.3 8.4 
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5.3.3 Morphology 

Changes of both morphology and particle size occur during ammonolysis (Fig. 5.5). 

Amorphous FeWO4 has an average particle size of around 100 nm. After ammonia treatment, the 

resulting Fe0.8WN2 contains plate-like crystals ~1 μm across and ~ 50 nm in thickness. Some 

crystallites have a hexagonal shape (Fig. 5.6), indicating the nitrogen layers are parallel to the 

hexagonal surface of the particle. EDX spectra show a nitrogen peak, confirming the formation 

of the nitride phase. The ratio of Fe/W was semi-quantitatively determined by EDX. In certain 

areas, Fe/W is ~ 0.83 which corresponds to Fe0.8WN2 and it is ~1 in other areas, which 

corresponds to a combination of Fe0.8WN2 and Fe3N. 

                    

Figure 5.5 SEM image of (a) Amorphous FeWO4 (scale bar: 100 nm) and (b) Fe0.8WN2 (scale 

bar: 1 μm). 

(a) (b) 
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Figure 5.6 TEM images of Fe0.8WN2. 

5.3.4 Density of States Calculations 

The electronic structure of FeWN2 is shown in Fig. 5.7. It is found that the density of 

states is different from reported calculation which investigated the electronic structures of 

ferromagnetic and antiferromagnetic FeWN2 respectively.
[164]

 Here, the calculation does not 

consider the magnetic moment of Fe in FeWN2 that may cause the difference. The TDOS of 

FeWN2 suggest that the nitride is metallic, though this result can not be considered robust since 

spin polarizations are not utilized. Similar to binary molybdenum nitrides in Chapter 3, the lower 

region is mainly occupied by N 2s states. The N 2p orbitals are more strongly hybridized with W 

orbitals rather than Fe 3d orbitals. The hybridization indicates that W-N bond is more covalent 

and Fe-N bond is more ionic. Moreover, the W d orbitals are more delocalized while the Fe d 

orbitals are more localized and centralized near Fermi level (EF). 
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Figure 5.7 Calculated total density of states for FeWN2 and the local density of states of N, Fe 

and W.  

5.3.5 Electrochemical Performance 

As described in Chapter 3 and Chapter 4, molybdenum nitrides (δ-MoN, Mo5N6 and 

Co0.6Mo1.4N2) with a layered hexagonal structure have displayed an enhanced catalytic activity 

toward ORR. The ORR activity of Fe0.8WN2 was therefore measured to identify whether the W-

based nitride with similar structural type exhibits good activity. However, Fe0.8WN2 shows a 

much lower ORR activity than FeMoN2 and other Mo-based nitrides in acid electrolytes. It 

should be noted that nominal “FeMoN2” is actually Mo rich due to the formation of FeNx as a 

minor phase in the synthesis. Hence, both “FeMoN2” and Fe0.8WN2 contain Fe deficiency and 

have four-layered hexagonal structures. One possible reason for the poor performance is that 
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Fe0.8WN2 has a large particle size around 1 μm, rather than the average particle size of FeMoN2 

(~ 100 nm). Besides the effect of particle size, chemical substitution on trigonal prismatic site is 

correlated with the catalytic property, suggesting Mo plays a critical role in activity. The energy 

barrier to catalyze oxygen reaction is probably lower for Mo-containing nitrides than that for W-

containing nitrides. It is concluded that molybdenum nitrides are better potential catalyst 

candidates for ORR than tungsten nitrides. Although tungsten nitride can not be used as catalyst 

directly, it might be utilized as supporting substrates for noble metals in fuel cells. Previously, 

studies have compared the activity and stability of Pt supported on tungsten carbide with that of 

Pt supported on carbon black. An activity ten times larger on Pt-W2C/C than on Pt/C was 

observed for ORR in alkaline. Tungsten carbide is more stable than the carbon aganist thermal 

oxidation and electrochemical oxidation.
[165]

 Since transition metal nitrides have similar 

physicochemical properties to transition metal carbides, Fe0.8WN2 may be a good candidate for 

use as a fuel cell catalyst support.  

 

Figure 5.8 RDE curves (1600 rpm) of Fe0.8WN2, FeMoN2 and Co0.6Mo1.4N2 in O2-saturated 0.1 

M HClO4. 
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5.4 Conclusions 

Non-stoichiometric Fe0.8WN2 can be synthesized by a conventional ammonolysis process 

using the oxide precursor FeWO4. Fe0.8WN2 has a four-layered structure of alternating WN6 

prismatic layers and FeN6 octahedral layers. Iron vacancies are present on the octahedral site. 

Both bond valence analysis and density of states calculations suggest that ionic and covalent 

bond interactions are present in Fe0.8WN2 whereas Fe-N is more ionic and W-N is more covalent. 

XPS measurement of the sample surface suggests that W has a valence of 4+ and Fe has a 

valence of 3+ on the surface. This nitride does not show significant ORR activity in acidic 

solution due to its large particle size and inactive tungsten ions. However, it may be utilized as a 

supporting material of noble metals for catalysis applications.  
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Chapter 6. Conclusions 

Non-nobel metal based transition metal nitrides and oxynitrides represent promising 

candidates for ORR and HER electrocatalysts with good performance. Although investigations of 

non-noble metal catalysts for ORR are growing, research interests are focused on developing 

transition metal macrocycles and there are limited studies on transition metal nitrides and 

oxynitrides. Therefore, we are motivated by the lack of fundamental studies of the structures, 

physicochemical properties and intrinsic electrochemical properties of nitrides and oxynitrides 

and we have sought to explore the structure-performance correlations. In this dissertation, we 

have focused on designing molybdenum based oxynitrides and nitrides with the objective of 

achieving highly effective catalysts. We have employed low-temperature ammonolysis synthesis 

method under ambient conditions in order to approach nanoparticles suitable for catalysis. The 

crystal structures and physicochemical properties (composition, morphology, valence state, bond 

length etc.) have been comprehensively studied. In terms of structures, we have utilized 

synchrotron X-ray diffraction, TOF neutron diffraction and pair distribution ananlysis to 

determine the crystal structure of nitrides (eg. position and displacements of nitrogen) more 

accurately. Factors linked to the electrochemical activity and durability have been postulated and 

investigated. With the in-depth understanding of structure-property relationships in 

electrocatalysis, it is anticipated that improved electrochemical performance of optimized 

molybdenum nitrides and oxynitrides can be achieved in the future.  

In Chapter 2, carbon supported cobalt molybdenum oxynitrides with a rock salt structure 

were synthesized by the medium temperature ammonolysis of soluble metal precursors dispersed 

in aqueous solution. These oxynitrides were found to be active electrocatalysts for ORR. The 

effect of sintering temperature and composition on ORR activities was investigated, with the 
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highest activities observed in both acid and alkaline solutions for compounds synthesized at 823 

K with equimolar amounts of Co and Mo (Co0.5Mo0.5OyNz/CB). Its onset potential reaches 0.645 

V vs. RHE in acid and 0.918 V vs. RHE in alkaline. Koutechy-Levich analysis indicates that 

ORR occurs primarily through a four-electron process for low overpotentials in alkaline 

electrolytes. The oxynitride also retains activity after long-term durability tests in both 

electrolytes. Structural, spectroscopic and morphological studies were carried out using both 

bulk and atomic-scale probes. Although some cobalt metal is invariably formed during the 

synthesis, ionic cobalt is demonstrated to be substituted into the rock-salt structure to form a 

bimetallic cobalt molybdenum oxynitride with nanoscale texture that is catalytically active for 

the oxygen reduction.
[107] 

In Chapter 3-4, binary and ternary molybdenum nitrides have been investigated for ORR 

catalysis. δ-MoN and Mo5N6 with a hexagonal structure showed a enhanced activity than Mo2N 

with a rock salt fcc structure which indicates structural factor plays an important role in 

determining its ORR performance. A two-step solid state reaction for preparing cobalt 

molybdenum nitride with a nanoscale morphology has been used to produce a highly active and 

stable electrocatalyst for the ORR and HER under acidic conditions. It exhibits higher ORR and 

HER activity over that of δ-MoN. Neutron powder diffraction and pair distribution function 

studies have been used to overcome the insensitivity of X-ray diffraction data to different 

transition metal nitride structural polytypes, and show that this cobalt molybdenum nitride 

crystallizes in space group P63/mmc with lattice parameters of a = 2.85176(2) Å and c = 

10.9862(3) Å and a formula of Co0.6Mo1.4N2. This space group results from the four-layered 

stacking sequence of a mixed close packed structure with alternating layers of transition metals 

in octahedral and trigonal prismatic coordination, and is a structure type for which HER activity 
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has not previously been reported. Based on the accurate bond distances obtained from time-of-

flight neutron diffraction data, it is determined that the octahedral sites contain a mixture of 

divalent Co and trivalent Mo, while the trigonal prismatic sites contain Mo in a higher oxidation 

state. X-ray photoelectron spectroscopy studies confirm that at the sample surface, nitrogen is 

present and N-H moieties are abundant. It is expected that the layered structure allows 3d 

transition metals to tune the electronic states of molybdenum at the catalyst surface and that 

alternative substitutions on the octahedral site may lead to a better HER activity. Further 

modifications such as decreasing particle size and tuning the oxidation states of Mo will be 

performed to achieve an optimal catalytic activity in this structure type.
[108]

  

Besides molybdenum nitrides, we have also studied tungsten nitrides. In Chapter 5, non-

stoichiometric Fe0.8WN2 consists of a four layered structure with alternating trigonal prismatic 

layers (occupied by W) and octahedral layers (occupied by Fe and vacancies), which is similar to 

Co0.6Mo1.4N2. W-N bond interaction is more covalent while Fe-N bond interaction is more ionic, 

which is consistent with the presence of Fe deficiency. The electrochemical measurement result 

indicates that Fe0.8WN2 is not suitable for ORR catalysis. This nitride might be used as a 

substrate of noble metals for catalysis.  

Molybdenum containing oxynitrides and nitrides need futher development in order to 

achieve an optimal compound for cathode catalysis. Firstly, modified synthetic routes are 

required to control the particle size and homogeneity. The NH3 flow direction in ammonolysis 

described in this dissertation is horizontal which causes powder sample inhomogeneity. Instead, 

the vertical flow direction is preferred by rotating the horizontal set of tube furnce 90°. Flowing 

ammonia in the vertical setting will pass through and react with precursor sample more evenly 

and lead to a more homogeneous products. Besides using ammonia, other nitrogen sources can 
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be used to provide nitrogen species which may improve its homogeneity. For example, nitrogen 

agents such as urea (CO(NH2)2) and biuret (H2NCONHOCNH2) can be mixed with oxide 

precursors in specific molar ratio. The mixture will be heated under an inert atmosphere (Ar or 

N2). During the heating, nitrogen agents will be decomposed at elevated temperature and provide 

nitrogen species that will react with the precursor and generate oxynitride or nitride phase. 

Besides preparing powder samples, it is intriguing to prepare thin film samples using chemical 

vapor deposition (CVD) or physical vapor deposition (PVD) techniques.  

Secondly, the cubic rock salt structure and hexagonal layered structure allow the 

incorporation of 3d transition metals to tune the valence state and electronic structure of Mo in 

the compounds. It is viable to dope other active transition metal elements such as Cr, Mn, Fe, Ni 

and Cu into the cubic oxynitrides and hexagonal nitrides. The substituting effet will be evaluated 

by comparing their catalytic activity toward ORR and HER with that of Co doped sample. 

Diffraction and spectroscopy measurements will be performed to explore the changes of crystal 

structures (Mo coordinations) and physical properties (morphology, oxidation state, etc.) in the 

bulk and on the surface. A thorough understanding of inherent structure, electronic structure and 

intrinsic catalytic activity will help to further optimize the nitrides.  

Thirdly, ex situ experiments are typically used to measure the structure and property 

before and after electrochemical tests. However, ex situ techniques are limited in their ability to 

probe the alternations of structure and property during the electrochemical catalysis process. 

Therefore, in situ characterizations will be applied to better understand factors influencing the 

activity. For instance, in situ XAS can be used to examine the change of bulk oxidation state and 

in situ XPS can be used to meaure the change of composition, valence state and species near the 
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surface. These in situ experiments will provide insights to further improve its activity and 

stability.  

Finally, theoretical calculations such as DFT have been intensively used to elucidate 

factors linked to the performance. However, there is limited theoretical work on transition metal 

nitrides and oxynitrides. It is intriguing to explore the role of electronic structure of Mo 

(substituting effect) with catalytic activity using DFT calculations. The effective DFT approaches 

together with results from ex situ and in situ experiments should provide a comprehensive 

framework for designing optimal catalyst with enhanced activity and stability toward ORR and 

HER.  
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