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ABSTRACT OF THE THESIS 

 

Electrodeposited Transition Metal Oxides as Electrocatalysts  

for Methane Partial Oxidation  

 

by 

 

Yu-Chao Huang 

 

Master of Science in Chemical Engineering 

University of California, Los Angeles, 2021 

Professor Philippe Sautet, Chair 

 

The conversion of methane to valuable chemicals via electrochemical approaches is of 

great interest in the field of catalysis. Conventional catalytic processes utilize extreme conditions 

(high temperatures or pressures) to provide the energy required to achieve methane activation and 

require sophisticated heat integration networks to be economically viable. In contrast, catalytic 

processes via electrification or electrocatalysis offers direct routes of methane activation under 

ambient conditions, with lower energy requirements and simplified configurations. However, 

electrochemical oxidation of methane using current electrocatalysts remains challenging due to 

low energy efficiencies and a seemingly unavoidable trade-off between conversion and selectivity. 
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In this regard, many research efforts have been devoted to the development of efficient and 

selective electrocatalysts for the activating and transformation of methane into valuable chemicals.  

Over the last decade, researchers have shown that composite transition metal oxides such 

as NiO/ZrO2 and Co3O4/ZrO2 can catalyze the electrochemical partial oxidation of methane to 

value-added chemicals such as methanol, ethanol, and propanol in a carbonate electrolyte. 

Chemical co-precipitation has been utilized predominantly for the preparation of metal oxide 

catalysts which involves multiple steps such as centrifugation, collection, drying, and annealing, 

and result in oxide materials with poor conductivity which are not amenable to electrocatalysis. In 

this work, a one-step electrodeposition method has been developed for the preparation of CoZrOx 

electrocatalysts. The electrodeposited CoZrOx material was found to be an active electrocatalyst 

for the partial oxidation of methane with a simple fabrication method. Furthermore, different 

electrodeposited unary transition metal oxides (CoOx, NiOx, MnOx, FeOx, and CuOx) were 

prepared through the same electrodeposition method, and were also studied for the electrochemical 

oxidation of methane. CoOx, NiOx, CuOx, and the CoZrOx electrocatalysts have been discovered 

to catalyze the conversion of methane to methanol. The preliminary results in this work 

demonstrate an additional approach among the available strategies for catalyst fabrication and may 

provide an efficient strategy of catalyst preparation for further studies of the electrochemical 

oxidation of methane under ambient conditions.  
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1. Introduction 

1.1 Methane: resources and utilization of natural gas 

Methane, not only a major constituent of natural gas, but also known as one of the essential 

natural energy reserves, has been extensively utilized as raw material or feedstock for production 

of important base chemicals such as hydrogen, methanol, ammonia, and formaldehyde.1,2 In 

addition to abundant resources of natural gas, its utilization offers several competitive advantages 

globally. From the current energy outlook, natural gas is the prominent option for fuel, energy and 

feedstock in the chemical and petroleum industries.3 However, the use of methane is not without 

issue. Methane in associated petroleum gas cannot be transported economically from remote oil 

fields and is thus usually flared resulting in significant greenhouse gas (GHG) emissions and 

energy loss leading to adverse influences on the climate, environment and energy markets. The 

global chemical and petrochemical subsectors are responsible for over 1.2 gigatons of CO2 

emissions and 150 billion cubic meters of natural gas energy loss every year.4,5 With increasingly 

growing concerns of climate change and requirements of environmental conservation, replacing 

fossil hydrocarbons or converting wasted natural gas into synthetic, sustainable, and 

environmentally benign chemicals would allow us to reduce GHG emissions, increase resource 

utilization, and add additional profitability for these oil fields.6  

Although carbon capture technologies for the chemical manufacturing industry are still in 

their infancy due to their high capital-intensity and challenges associated with their application at 

a global scale, the reduction of GHG emissions from the chemical manufacturing sector is still 

possible through the use of renewable energy as part of the energy mix in manufacturing 

processes.7,8 The basic chemical manufacturing industries are the critical link pin between natural 

gas resources and utilization, and downstream industrial and commercial applications. Instead of 
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being part of the GHG emission problem, it could become an engine to build significantly 

decarbonized supply chains from natural resources to commodities and become the creator of a 

modern, differentiating, intersectoral platform that enclose synergy and flexibility to the 

production chain through the efficient use of carbon. In this regard, the use of electrocatalytic 

processes9 could contribute to the displacement of fossil fuels as heat sources in the energy-

intensive chemical transformation processes and deliver more compact, economical, and efficient 

chemical manufacturing units. 

1.2 Current understanding of methane conversion processes 

Due to the non-polar and symmetric chemical bonds of methane, it is a highly stable 

chemical compound with high bond dissociation energy (440 kJ mol-1) that results in difficult C-

H bond activation.2,10 Conventional catalytic processes utilize extreme conditions (high 

temperatures or pressures) to provide the energy requirements of methane activation and require 

sophisticated heat integration networks in order to achieve high process efficiency.2 Primary 

chemicals derived from methane (Figure 1.1) include syngas, hydrogen, ammonia, methanol, and 

Fischer–Tropsch liquids. Although methane can be transformed into various chemicals, methane 

conversion processes for chemicals are still limited in the industrial scale. Currently, methane 

conversion to chemicals can be classified into two different routes (indirect and direct routes). The 

indirect route of methane conversion involving a two-step process typically starts from steam 

methane reforming (SMR) to higher value chemicals via syngas, carbon monoxide and hydrogen, 

derivatives that represents approximately 96% of current methane oxidation processes for the 

production of chemicals.11  
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Figure 1.1 Established indirect routes of methane oxidation processes for production of 

chemicals and potentially alternative or new direct routes via electrification.  

 

SMR is a typical methane oxidation process with highly endothermic reaction to produce 

chemicals (Equation 1.1) using high temperature (700-1100 °C) and pressure (above 10 bar), 

where 25-30% of methane feed is burned for necessary heat while the remaining methane is used 

as feedstock to produce syngas for the subsequent chemical syntheses (Figure 1.1) such as water 

gas shift (Equation 1.2), ammonia synthesis (Equation 1.3), methanol synthesis (Equation 1.4), 

and Fischer–Tropsch synthesis.12  
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𝐶𝐻4 + 𝐻2𝑂 → 𝐶𝑂 + 3𝐻2                  ∆𝑟𝐻° = 208.7 𝑘𝐽 𝑚𝑜𝑙−1                                       (1.1) 

            𝐶𝑂 + 𝐻2𝑂 → 3𝐻2 + 𝐶𝑂2                  ∆𝑟𝐻° = −41.1 𝑘𝐽 𝑚𝑜𝑙−1                                      (1.2) 

            𝑁2 + 3𝐻2 → 2𝑁𝐻3                            ∆𝑟𝐻° = −91.8 𝑘𝐽 𝑚𝑜𝑙−1                                     (1.3) 

            𝐶𝑂 + 2𝐻2 → 𝐶𝐻3𝑂𝐻                        ∆𝑟𝐻° = −90.64 𝑘𝐽 𝑚𝑜𝑙−1                                   (1.4) 

            𝐶𝐻4 +
1

2
𝑂2 → 𝐶𝐻3𝑂𝐻                      ∆𝑟𝐻° = −163.5 𝑘𝐽 𝑚𝑜𝑙−1                                   (1.5)                       

            𝐶𝐻4 + 𝑂2 + 𝑒− + 𝐻+ → 𝐶𝐻3𝑂𝐻 + 𝐻2𝑂                                                                       (1.6) 

From the above synthetic processes, the intermediate syngas can act as a precursor for a variety of 

chemical synthesis. With the increasing demand to produce these chemicals, the need for the 

development of advanced technologies for methane activation and transformation continues to 

grow. The discovery and commercialization of chemical production processes with reduced GHG 

emissions are of the outmost importance for the chemical industries of the future.  

 The direct route to produce chemicals,12 does not require the production of syngas as an 

intermediate and is primarily based on the formation of either C-O or C-C bonds for methane 

conversion.11 For example, methanol is a common C-O bond containing molecule which can be 

made through the direct conversion of methane with oxygen (Equation 1.5). This methane partial 

oxidation reaction is usually thermodynamically favorable in the presence of biological, 

homogeneous, and heterogeneous catalysts.11,13  

Methane monooxygenase (MMO), a methane-utilizing bacteria, has shown 100% selectivity for 

methane conversion towards methanol at atmospheric temperature and pressure utilizing oxygen 

species and electron donors (Equation 1.6).11,14 Its achievement under ambient conditions has been 

investigated to direct conversion of methane to methanol derived from the oxygen species at the 

active sites involved in the biological catalysis. Furthermore, the remarkable selectivity of 
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methanol implies that MMO can manage the transport of oxygen species, protons and electrons at 

its catalytic sites for methane oxidation reaction.13,15,16 

The function of homogeneous catalysis is similar to biological systems that possesses actives sites 

of both oxygen species and methane in the solvent. Metal complexes (e.g., FeIV, CuI, RuIII or 

PtIV),17–20 metal ions with strong affinity of electron acceptor, show high efficiency of methane 

oxidation to methanol exploiting an oxygen atom insertion into the C-H bond of methane.11 Here, 

the methyl radical is the major intermediate under the protection of strong solvent (e.g., 

trifluoroacetic acid, CF3COOCH3) which plays an essential role of not only activating the C-H 

bond of the active center but also stabilizing the formation of the methyl radical intermediate. The 

solvent usage contributes to high selectivity and prevents target products from overoxidation.11,18 

In the field of heterogeneous catalysis, methane partial oxidation processes can be separated into 

thermal catalysis and electrocatalysis with identical approaches that possess reactivity and 

morphology similar to biological and homogeneous systems.2,11–13 Thermal catalysis, utilizing 

many transition metals in the forms of metals, metal complexes, metal oxides, and metal 

exchanged zeolites, typically reacts using strong oxidants (N2O or H2O2) or with high thermal 

energy requirements in order to activate the C-H bond for methane partial oxidation.2 While 

electrocatalysis, using molecular oxygen as an oxidant and metal ions with high valences (e.g., 

Mo, V, Ga, Fe, Co, Mn, and Pd),11 is capable of tailoring the chemical potential at the catalytic 

surface and facilitating reactions under atmospheric conditions that renders strong oxidants and 

high thermal energy requirement unnecessary.2 Despite electrocatalysis can tune the 

electrochemical potential for methane partial oxidation, in most of recent reports,2,10–13,21–25 

desirable products usually result in over-oxidizing to carbon dioxide and carbon monoxide which 

are more thermodynamically favorable. Accordingly, the major challenge is to explore 
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electrocatalysts that can not only activate the C-H bond of methane but also prevent the desirable 

products from overoxidation.11,12 

 The other direct methane conversion is the formation of C-C bond to produce higher 

hydrocarbons (C2
+ products) including two viable ways: oxidative coupling of methane (OCM) 

and non-oxidative coupling of methane (non-OCM). OCM is a sophisticated process for methane 

conversion into hydrocarbons at elevated temperature involving surface catalysis and gas phase 

coupling reaction corresponding homogeneous and heterogeneous systems simultaneously. With 

initiating methyl radical through catalyst, gas phase coupling of methyl and allyl radicals will 

transform methane into ethane or ethylene subsequently (Equation 1.7 and 1.8). In non-OCM, on 

the other hand, direct methane conversion primarily proceeds via catalyst in the absence of oxygen 

to form methyl radicals and produce even higher hydrocarbons especially C2 to C7 saturated 

hydrocarbons (e.g., benzene). 11,26,27 

            2𝐶𝐻4 +
1

2
𝑂2 → 𝐶2𝐻6 + 𝐻2𝑂          ∆𝑟𝐻° = −184.0 𝑘𝐽 𝑚𝑜𝑙−1                                      (1.7)                        

 𝐶𝐻4 +
1

2
𝑂2 →

1

2
𝐶2𝐻4 + 𝐻2𝑂         ∆𝑟𝐻° = −140.1 𝑘𝐽 𝑚𝑜𝑙−1                                     (1.8) 

 Many research efforts have been devoted to direct routes of methane conversion processes 

economically competitive with indirect routes especially exploiting electrochemical cells.2,12,13,22 

Nonetheless, direct routes of methane conversion to valuable chemicals such as olefins, 

formaldehydes, and other oxygenates bypassing the transition stage of syngas production have not 

been well-developed in particularly large-scale industrial processes due to their limited efficiency 

and low yield or selectivity of desirable products. Still, fundamental studies in electrocatalysis are 

indispensable and must be integrated within the manufacturing operation units of kinetic protection 

and selective separation of desirable products.22 Otherwise, it would be independent of current 

trends for exploration of flare gas and reduction of GHG emissions.11 The development of 



7 

 

advanced manufacturing systems and establishment of next generation processes not only maintain 

the significances of electrochemical cells but also address the challenges of modularity and 

scalability corresponding to desirable product separation and highly efficient conversion. In these 

regards, electrochemical cells under harsh and mild conditions will be exceptional of integrating 

multi-steps into single steps by overcoming the primary limitations of its systems. Although 

electrochemical systems are still finite because of its stability, durability, modularity, and 

scalability, the development of these systems is still under way to replace conventional indirect 

routes of methane conversion.2,11–13,22,24,25  

1.3 Current state of direct methane oxidation reaction via electrochemical approaches 

Research in direct methane oxidation reaction to chemicals via electrochemical approaches 

has shown significant advances. Most remarkable approach is the development of conductive 

proton implementing ceramic electrolytes. A BaZr0.8-x-y CexYyO3-δ (BZCY) ceramic tube with 

coating of nickel oxide catalyst is utilized to produce high purity of hydrogen at 91% faradaic 

efficiency (FE) with nearly whole methane conversion to CO2 instead of CO. Technoeconomic 

analysis implies that this design, similar to thermal catalysis system, could be competitive with 

conventional SMR from the perspective of large scale and a feasible approach to proceed under 

smaller scale practices. The system utilizing resistive heating and electrochemical separation of 

protons by the electrolyte internally generate the required heat to counteract the endothermic 

reaction of SMR.28 An analogous system is applied in direct ammonia synthesis from methane. 

The anode part remains the identical SMR reactor while the counterpart applies a Vanadium 

Nitrate (VN) catalyst, resulting in FE close to 15% and ammonia synthesis rates 1.89x10-9 mol s-1 

cm-2 at atmospheric pressure.29,30  
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Methane reforming via electrochemical approaches to produce hydrogen and ammonia has 

made notable progress while direct methane oxidation to methanol, olefins and other oxygenates 

has remained challenging due to a trade-off between selectivity and conversion resulting from 

thermodynamically favorable to COx product.2,10,13,23 Most recently, Vanadium (V)-oxo Dimer 

clusters in H2SO4 have shown methane conversion to CH3OSO3H at ambient temperature reaching 

84.5% FE under 3 bar methane with decent stability for 240 hours.31 The reaction in the presence 

of strong acidic solvent prevents the methanol group from over-oxidizing. Transition metal oxides 

including NiO/ZrO2 and Co3O4/ZrO2 have also been explored as alternatives at ambient 

temperature for electrochemical oxidation of methane in carbonate based electrochemical 

systems.24,32 The role of ZrO2 hypothesizes that non-conductive zirconia participates in the 

adsorption of carbonate ions to activate methane oxidation under mild conditions. Interestingly, 

the FEs in some of these systems exceed 100% implying that chemical reactions participate 

between methane and stoichiometric oxidants in the presence of catalyst or the electrolyte could 

be responsible for production of oxygenates. 

Recent developments have brought electrochemical SMR being economically competitive 

with conventional SMR. Also, research in direct electrochemical oxidation of methane to methanol, 

ammonia, and other oxygenates must tackle with the trade-off between selectivity and conversion 

or be coupled with efficient separation techniques developed to allow production at low conversion 

but high selectivity. 
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1.4 Research background, overview, and objectives 

1.4.1 Research background 

Electrochemistry, a powerful technique, utilizes the chemical potential of redox reactions 

to provide an economical alternative for direct electrochemical methane oxidation into target 

chemicals. Electrochemical processes have shown extraordinary advantages such as relatively low 

cost with cost-effective electric power, typically proceeding under ambient conditions of 

temperature and pressure, feasible modularity and scalability, and is also seen as an example of 

green chemistry when coupled to renewable sources of electricity. More importantly, in 

electrochemical processes, either the oxygen site on the electrode surface or free radicals generated 

at the electrode/electrolyte interface can activate methane.2,12,22 Not only can operating conditions 

be tailored to enhance kinetics and the rate of methane conversion, but their selectivity can be 

tuned through applied potentials. Recent research and development of electrochemical oxidation 

of methane to methanol under atmospheric conditions has been a topic of significant interest to 

address the high energy requirement in conventional thermal catalysis and provide alternatives to 

wasted flaring. Typically, electrochemical oxidation of methane is more favorable at relatively low 

overpotentials (Equation 1.9) while it is kinetically sluggish and may require higher overpotential 

to drive the rate-limiting step. However, the oxygen evolution reaction (OER, Equation 1.10) 

usually occurs at high overpotentials and competes with methane oxidation, resulting in reduced 

methane activation. From this perspective, electrochemical processes in methane oxidation have 

been undertaken to investigate the desirable products, particularly methanol and potentially other 

oxygenates or higher hydrocarbons.10,13,23,25 

 𝐶𝐻4(𝑔) + 𝐻2𝑂(𝑙) → 𝐶𝐻3𝑂𝐻(𝑙) + 2𝐻+ + 2𝑒−            𝐸° = 0.58 𝑉 𝑣𝑠 𝑆𝐻𝐸                     (1.9) 

 𝐻2𝑂(𝑙) → 𝑂2(𝑔) + 4𝐻+ + 4𝑒−                                  𝐸° = 1.23 𝑉 𝑣𝑠 𝑆𝐻𝐸                 (1.10) 
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1.4.2 Research overview 

Many works in the literature have demonstrated transition metal oxides as alternative 

methane oxidation catalysts via electrochemical processes. Mustain and co-workers have shown 

binary transition metal oxides of NiO/ZrO2 in carbonate electrolyte to catalyze the electrochemical 

oxidation of methane.24,33 An analogous example was published by Ma et al. utilizing chemical 

precipitation of Co3O4/ZrO2 nanocomposite and Co3O4 powder/ZrO2 nanotubes to produce higher 

alcohols such as 1-propanol and 2-propanol.32,34 Introducing zirconia by using co-precipitation to 

unary transition metal oxide as catalyst has shown to promote the methane oxidation in the 

presence of carbonate ions enabling the system to operate at room temperature.24,32–34 Aditya et al. 

have demonstrated a comprehensive work on 12 different transition metal oxides (TMOs) utilizing 

transient open circuit potential (t-OCP) to determine the stable active sites of TMOs. There are 4 

TMOs (TiO2, IrO2, PbO2, and PtO2) being reported that are active for methane oxidation reaction 

towards methanol. Furthermore, two reaction pathways of intermediates have been proposed: CHx 

intermediate at lower potentials while *CHxOy intermediate at higher potentials. In addition to 

unary TMOs, they developed a bimetallic Cu2O3 on TiO2 catalyst, where Cu overcomes the 

reaction barrier for the key intermediates of *CH3 and *OH and facilitates the desorption of 

*CH3OH, and FE is up to 6%. It implies that using bimetallic TMOs provides an alternative way 

to advance electrochemical oxidation of methane.35 

Recent reports of electrocatalysts and electrolytes for the oxidation of methane to higher 

value chemicals via electrochemical approaches are compiled in terms of operating conditions, 

products, and faradaic efficiencies in Table 1.1.24,31–34,36–40 Despite the electrochemical oxidation 

of methane to various chemicals being demonstrated in many reports, results are inconsistent due 

to the use of various conditions of catalysts and electrolytes. This highlights the difficulties to 
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determine product distribution accurately for methane partial oxidation and result in a lack of 

fundamental understandings of the kinetics associated with these electrochemical systems. It is 

crucial that the discussion of reaction mechanisms, computational chemistry, and optimization of 

reaction environments is built upon reliable experimental evidence. In this work, we demonstrate 

that most of the work in the existing literature is unreliable as it is affected by the electrochemical 

conditions on which it is collected. Importantly, this thesis work is the first attempt towards a 

systematic understanding of methane electrochemistry. 

 

Table 1.1. Summary of current state-of-the-art literatures for electrochemical oxidation of methane 

to valuable chemicals   

 

  

Electrocatalysts  Temp. (℃)  Pressure (bar) 
Oxidant 

source  
Electrolyte  

Technique/

Method  
Products  

Methane  

conversion (%)  
Selectivity (%)  

Faradaic 

efficiency (%)  
Ref.  

Pt  130  46.5  (VIVO) (SO4)   
K2PtIICl4 with 

NaCl  

Three-

electrode 

cell  

CH3OH, CH3Cl, 

CH2(OH)2, HCOOH  
13-16  CH3OH: 70  90-103  [36]  

NiO/ZrO2  40  1  O2  Na2CO3  

Membrane 

electrode 

assembly  

CH3OH, HCHO, 

HCOOH, C2H5OH, 

CH3COOH, C3H8O, 

C3H6O  

  HCHO: 44   (> 100)  [24]  

nanotube 

ZrO2/Co3O4  
25  1  CO3

2-  Na2CO3  

Three-

electrode 

cell  

C2H5OH, 

CH3CH2CH2OH, 

CH3CH(OH)CH3  

  

91.98 

(CH3CH2CH2OH, 

and 

CH3CH(OH)CH3) 

 (> 100)   [34]  

ZrO2/Co3O4  25  1  CO3
2-  Na2CO3  

Three-

electrode 

cell  

CH3CH2CH2OH, 

(CH3)2CHOH, 

CH3CHO,  

40  >60 (total)  (> 100)  [32]  

ZrO2/NiCo2O4  25  1  CO3
2-  Na2CO3  

Three-

electrode 

cell  

CH3CH2CH2OH, 

CH3CH(OH)CH3, 

CH3CH2COOH, 

CH3COCH3,  

47.5  
CH3CH2COOH: 

65  
100 [37]  

(V)-oxo dimer  25  3  SO4
2-  H2SO4  

Three-

electrode 

cell  

CH3OSO3H  100  100  F.E.= 85-90  [31]  

NiO/Ni  25  1  OH-  NaOH  

Two-

electrode 

cell  

CH3OH, C2H5OH  100  87  F.E.= 89  [38]  

NiO/Ni hollow 

fiber  
25  1  OH-  NaOH  

Three-

electrode 

cell  

CH3OH, C2H5OH    
CH3OH: 78  

C2H5OH: 95  

CH3OH F.E.= 54  

C2H5OH F.E. = 85  
[39]  

TiO2/RuO2/V2O5  25  1  H2O  Na2SO4  

Three-

electrode 

cell  

CH3OH, HCHO, 

HCOOH  
100  CH3OH: 97.7  57  [40]  

NiO/ZrO2  25  1  O2  Na2CO3  

Membrane 

electrode 

assembly  

CH3OH      F.E. = 5  [33]  
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1.4.3 Research objectives 

In this thesis work, an electrodeposition method will be utilized to synthesize unary (CoOx, 

NiOx, MnOx, FeOx, and CuOx) and binary (CoZrOx) transition metal oxides41 (Figure 1.2) that will 

be used as electrocatalysts for the oxidation of methane. The intrinsic properties of transition metal 

oxides such as catalyst composition, oxidation state, the nature of active sites, and the 

concentration of reactant within the boundary layer during electrocatalysis will be studied for 

methane partial oxidation and will be compared with other catalyst preparations from the literature. 

More importantly, a systematic study of various experimental conditions (i.e. applied potential, 

current, temperature, pressure, pH, and boundary layer thickness) and their effects on determining 

methane activation rates and product selectivity will be presented. The work presented here should 

allow us to construct a better understanding of how various parameters affect the kinetics for 

product formation and thus contribute to the development of this field. 

This study aims to provide a qualitative elucidation of the electrochemical oxidation of 

methane to methanol process for electrocatalyst exploration that could meet theoretical simulation 

used to rationalize the experimental observations. The combination of theory and experiments 

(Figure 1.3) may enhance the fundamental understandings of electrocatalyst activity, electrolyte 

engineering, mass transfer limitation, and methanol production. The preliminary results of 

proposed study will be applicable to the electrocatalyst development for direct routes of methane 

to methanol and may also explore other chemicals such as oxygenates and higher hydrocarbons. 

.  
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Figure 1.2. Schematics of electrocatalyst synthesis for Co3O4/ZrO2 (a) chemical co-precipitation 

preparation. It has been mostly utilized to prepare electrocatalysts involving multiple steps such as 

centrifugation, collection, drying, and annealing. The schematic of electrocatalyst synthesis has 

been adapted from [32]. (b) electrical co-deposition synthesis. It only requires one step utilizing 

potential driven approach to form binary electrocatalysts.  

 

 

 

 

 

 

 

 

Figure 1.3. Study approach combining theory and experiment to enhance fundamental 

understandings of electrochemical partial oxidation of methane towards methanol. 

(a) (b) 
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2. Experimental section 

2.1 Electrocatalyst materials and preparation  

Sodium acetate (NaOAc, anhydrous, ≥99%), Cobalt(II) chloride (CoCl2, anhydrous, 

>98%), zirconium(Ⅳ) acetate hydroxide((CH3CO2)xZr(OH)y), and manganese(II) chloride 

(MnCl2, tetrahydrate, 97%) were purchased from Sigma-Aldrich. Nickel(II) acetate (NiOAc, 

tetrahydrate, 98%), iron(II) chloride (FeCl2, tetrahydrate, 99%), and copper(II) acetate 

(Cu(CH3COO)2, anhydrous, 99%) were purchased from Fisher Scientific. Millipore deionized 

water (18.2 MΩ cm) was used to prepare all of the electrodeposition baths. The concentrations of 

precursors used in electrodepositions of the different catalysts and specific pH are compiled in 

Table 2.1. Sodium acetate (0.1 M NaOAc) was used in all of the electrodeposition baths as 

supporting electrolyte. The pH of the baths was adjusted using either 0.1 M acetic acid solution or 

0.1 M sodium hydroxide solution. All of the electrodeposition experiments were carried out under 

atmospheric conditions unless mentioned otherwise. 

 

Table 2.1. Concentrations and pH of precursors in the electrodeposition baths 

 

 

Catalyst CoCl2 (CH3CO2)xZr(OH)y NiOAc MnCl2 FeCl2 Cu(CH3COO)2 pH 

CoZrOx 16 mM 5 mM -- -- -- -- 5.5-6 

CoOx 16 mM -- -- -- -- -- 5.5-6 

NiOx -- -- 16 mM -- -- -- 7.5-8 

MnOx -- -- -- 16 mM -- -- 5.5-6 

FeOx -- -- -- -- 16mM -- 7.0-7.5 

CuOx -- -- -- -- -- 16 mM 5.5-6 
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2.2 Catalyst electrodeposition 

An autolab PGSTAT302N potentiostat/galvanostat was used for electrodeposition in a 

three-electrode setup with a titanium cylinder substrate (area = 3 cm2) as the working electrode, a 

graphite foil as the counter electrode, and an Ag/AgCl sat. KCl as the reference electrode. Prior to 

use, the surface of titanium cylinder electrode was polished by using an alumina slurry suspension 

of 0.05 mm grain size on a microcloth polishing pad (Buehler), rinsed thoroughly with Millipore 

deionized water (18.2 MΩ cm), and sonicated in deionized water for 10-15 minutes. Prior to 

electrodeposition, the titanium cylinder electrode was immersed in the solution of 2.5 M 

hydrochloric acid for 30−60 minutes to remove surface oxides. The Ti cylinders were then rinsed 

in deionized water and dried under Ar flow. In the electrodeposition process, all of the applied 

potentials were measured against the Ag/AgCl sat. KCl reference electrode. Except copper, 

electrodeposition of most catalysts was performed by 100 cycles of consecutive linear sweeps 

within a specific potential window from 0.8 to 1.1 V vs Ag/AgCl at 10 mV s−1. The current 

efficiency during the oxidative deposition is the fraction of electrons collected by the working 

electrode that are involved in the deposition of the catalyst. The deposition of most metal 

(oxy)hydroxides (e.g., M2+(aq) → MOOH(s) + e− + 3H+) was done using oxidative potentials while 

copper was obtained by applying constant potential (−0.18 V vs Ag/AgCl) for 5 min via reductive 

deposition of the catalyst (2Cu2+ + 2e− + H2O → Cu2O + 2H+).  
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2.3 Electrochemical measurements 

All the parts and accessories were purchased from PINE research. The titanium cylinder 

electrode (diameter: 12 mm) used in this work was inserted in a rotating cylinder electrode (RCE) 

tip by assembling main body, PTFE seal washer, PTFE compression washer, and PCTFE keeper 

nut and then connected to the shaft. Prior to electrochemical setup, the electrodeposited titanium 

cylinder electrode was rinsed thoroughly with deionized water. A three-electrode glass cell setup 

was used with the titanium cylinder as the working electrode, the platinum wire with a fritted glass 

tube as the counter electrode, the Ag/AgCl sat. KCl as the reference electrode, and the solution of 

0.1 M potassium carbonate (K2CO3) as the electrolyte. Prior to electrochemical measurements, 

high purity of argon gas (Ar, 99.999%) as the inert gas or methane gas (CH4, 99.999%) as the 

reactant were used in the experiments. Before experiments, the electrolyte was bubbled for 30 

minutes with Ar or CH4 to prepare the saturated environment. 

In the electrochemical measurements, the uncompensated resistance was determined by 

using electrochemical impedance spectroscopy (EIS) from the response at the high-frequency (ƒ 

> 100 kHz) for measuring and correcting potential drop across the resistance of the solution. The 

activities of various catalysts were determined by cyclic voltammetry. The long-term 

electrochemical oxidation of methane was conducted in the three-electrode cell setup with a closed 

system by using chronoamperometry and multiple samples were taken to detect liquid products 

that specific time of sampling was discussed and shown in the following results and discussion 

section. All the electrochemical measurements were automated by using the Autolab 

PGSTAT302N potentiostat/galvanostat and the application of the Nova V2.1 software connected 

a PINE AFMSRCE rotator as is shown in Figure 2.1.  
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Figure 2.1. Electrochemical measurement setup including electrochemical cell (right); rotator, 

shaft, and workstation (middle); and potentiostat (left).  

 

 

2.4 Characterization and product analyses 

Morphology and microstructure analyses of the samples were carried out using scanning 

electron microscopy (SEM, JEOL JSM 6700 F). Kratos X-ray photoelectron spectroscopy (XPS) 

was used to determine element composition of different catalyst covering its surface as well as 

their oxidation state. The detection of liquid products was analyzed after electrolysis using 500 

MHz nuclear magnetic resonance (DRX500 spectrometer Bruker Biospin GmbH), where the 

samples were prepared by mixing 700 µL of the product solution with 35 µL internal standard 

comprising of D2O, DMSO, and phenol. 
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3. Mathematical modeling 

3.1 Model of electrocatalysts on methane partial oxidation:  

To estimate changes in the local pH of the electrolyte/electrode interface during 

experiments, a mathematical model was developed. The conservation equation is introduced 

combined with the experimental data collected to calculate the local pH, the concentration of 

bicarbonate ions and carbonate ions, and the concentration of CO2 on the surface of electrode. 

Figure 3.1. One dimensional schematic of the concentration boundary layer. The reactions occur 

within the boundary layer that has been highlighted in terms of mass transport effects. The position, 

x axis, in this work is defined as the distance away from the catalytic surface. 
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Figure 3.1 shows the electrolyte/electrode interface boundary layer in the system for 

electrochemical oxidation of methane. In a typical experiment, 0.1 M K2CO3 is used as the 

electrolyte and is saturated by bubbling methane in the bulk of the electrolyte. The model assumes 

that all the CO2 generated through the overoxidation of methane would be absorbed by the bulk 

electrolyte. Heterogeneous reactions involve water oxidation (Equation 3.1) and methane 

oxidation towards methanol (Equation 3.2) and carbon dioxide (Equation 3.3). Homogeneous 

reactions in bulk electrolyte are also listed below (Equation 3.4 and 3.5). 

2𝐻2𝑂 → 4𝑒− + 4𝐻+ + 𝑂2                                                                                               (3.1) 

𝐶𝐻4 + 𝑂∗ → 𝐶𝐻3𝑂𝐻                                                                                                       (3.2) 

𝐶𝐻4 + 4𝑂∗ → 𝐶𝑂2 + 2𝐻2𝑂                                                                                               (3.3) 

𝐶𝑂2 + 𝑂𝐻− ↔ 𝐻𝐶𝑂3
−                                      𝐾 = 3.3 × 107                                                        (3.4) 

            𝐻𝐶𝑂3
− + 𝑂𝐻− ↔ 𝐶𝑂3

2− + 𝐻2𝑂                     𝐾 = 4.7 × 103                                                (3.5) 

The rate constants for the forward and reverse reactions (3.4 and 3.5) are given in Table 3.1. The 

dissociation constant of water (Kw), and the dissociation constants of carbonic acid (Ka1) and 

bicarbonate buffer (Ka2) are given in Table 3.2. The diffusion coefficients are collected in Table 

3.3 using Stokes– Einstein’s equation (Dµ/T = constant at T = 298 K) for different species in water 

at 25 ℃.  

 

Table 3.1. Rate constants for reactions (3.4) and (3.5) at 25 ℃. 

Reaction Forward rate constant (M−1 s−1) Reverse rate constant (s−1) 

(3.4) k1f = 7.7×103 k1r = 2.3×10−4 

(3.5) k2f = 1×108 k2r = 2.15×104 
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Table 3.2. Dissociation constants for water, carbonic acid, and bicarbonate buffer. 

Kw Ka1 Ka2 

1×1014 4.5×10−7 4.7×10−11 

 

 

Table 3.3. Diffusion coefficients for different species in water at 25 ℃ (Unit: cm2 s−1). 

𝐷𝐻+  𝐷𝑂𝐻− 𝐷𝐶𝐻4
 𝐷𝐶𝑂2

 𝐷𝐻𝐶𝑂3
− 𝐷𝐶𝑂3

2− 

9.3×10−5 5.27×10−5 1.84×10−5 1.91×10−5 9.23×10−6 1.19×10−5 

 

 

Film theory is assumed to be applicable and followed by Nernst-Planck equation where, in the 

concentration boundary layer, the velocity gradients or convective effects are negligible and the 

conservation equation can be written for all species in the simplified form below:  

𝜕𝐶𝑖

𝜕𝑡
=  

𝜕

𝜕𝑥
 (𝐷𝑖

𝜕𝐶𝑖

𝜕𝑥
) + 𝑅𝑖 

The following conservation equations including the reaction rate terms for equation (3.4) and (3.5) 

for all species can be written as the following terms (Equations 3.6−3.11): 

 
∂[𝐻+]

∂𝑡
= 𝐷𝐻+

𝜕2[𝐻+]

𝜕𝑥2
                                                                                                                     (3.6)                                                                            

∂[𝑂𝐻−]

∂𝑡
= 𝐷𝑂𝐻−

𝜕2[𝑂𝐻−]

𝜕𝑥2
− 𝑘1𝑓[𝐶𝑂2][𝑂𝐻−] + 𝑘1𝑟[𝐻𝐶𝑂3

−] − 𝑘2𝑓[𝐻𝐶𝑂3
−][𝑂𝐻−] + 𝑘2𝑟[𝐶𝑂3

2−] (3.7) 

∂[𝐶𝐻4]

∂𝑡
= 𝐷𝐶𝐻4

𝜕2[𝐶𝐻4]

𝜕𝑥2
                         (3.8) 

∂[𝐶𝑂2]

∂𝑡
= 𝐷𝐶𝑂2

𝜕2[𝐶𝑂2]

𝜕𝑥2
− 𝑘1𝑓[𝐶𝑂2][𝑂𝐻−] + 𝑘1𝑟[𝐻𝐶𝑂3

−] (3.9) 
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∂[𝐻𝐶𝑂3
−]

∂𝑡
= 𝐷𝐻𝐶𝑂3

−
𝜕2[𝐻𝐶𝑂3

−]

𝜕𝑥2
+ 𝑘1𝑓[𝐶𝑂2][𝑂𝐻−] − 𝑘1𝑟[𝐻𝐶𝑂3

−] − 𝑘2𝑓[𝐻𝐶𝑂3
−][𝑂𝐻−] + 𝑘2𝑟[𝐶𝑂3

2−]  

 (3.10) 

∂[𝐶𝑂3
2−]

∂𝑡
= 𝐷𝐶𝑂3

2−
𝜕2[𝐶𝑂3

2−]

𝜕𝑥2
+ 𝑘2𝑓[𝐻𝐶𝑂3

−][𝑂𝐻−] − 𝑘2𝑟[𝐶𝑂3
2−] (3.11) 

 

The conservation equations (3.6−3.11) are second order time dependent partial differential 

equations that have to be solved under the following boundary conditions. First of all, the initial 

values of concentrations for different species (t = 0, before reaction occurs) are listed in Table 3.4.  

 

 

Table 3.4. Initial equilibrium values (at t = 0) for H+, OH−, CH4, H2CO3, HCO3− , and CO3
2− and 

pH at 0.1 M potassium carbonate electrolyte (K2CO3) at 25 ℃. 

Electrolyte 

concentration (M) 
H+ (M) OH− (M) CH4 (M) H2CO3 (M) HCO3

− (M) CO3
2− (M) pH 

Viscosity 

(cm2 s−1) 

0.1 1.9953×10−12 5×10−3 1.3×10−3 1.8×10−8 4.1×10−3 9.6×10−2 11.70 1.015×10−2 

 

 

Secondly, at time t > 0 and x = 0 (the interface between bulk solution and the boundary 

layer), the experiment is conducted under 800 rpm at ambient temperature and pressure, 

−𝑂𝐻𝑐𝑜𝑚𝑠𝑢𝑚𝑝𝑖𝑜𝑛
− = 𝐷OH−

𝜕[OH−]

𝜕𝑥
= 𝑗𝑡𝑜𝑡𝑎𝑙/𝐹   (3.12) 

−𝐶𝐻4 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 = 𝐷𝐶𝐻4

𝜕[𝐶𝐻4]

𝜕𝑥
  (3.13) 

𝐶𝑂2 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 = 𝐷𝐶𝑂2

𝜕[𝐶𝑂2]

𝜕𝑥
 (3.14) 
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where the [OH−], [CH4], and [CO2] are the concentration occurring at the interface. The average 

current conducting in the experiments is 3×10−5 (A) presenting on the active surface area 3 cm2 of 

the electrode and the methanol production is approximately 3×10−5 (M) for 20 minutes reaction 

time in the 0.1 L carbonate electrolyte. Therefore, the methane consumption and carbon dioxide 

formation are 3.71×10−6 and 2.78×10−6 (mmol cm−2 s−1), respectively.  

Lastly, the boundary conditions at time t > 0 and x = δ (the boundary layer of bulk solution) 

are the same equilibrium values in the bulk solution (The boundary layer thickness is assumed to 

be 3×10−3 cm).  

[𝐻+] = [𝐻+]𝑏𝑢𝑙𝑘  (3.15) 

[𝑂𝐻−] = [𝑂𝐻−]𝑏𝑢𝑙𝑘  (3.16) 

[𝐶𝐻4] = [𝐶𝐻4]𝑏𝑢𝑙𝑘  (3.17) 

[𝐶𝑂2] = 0  (3.18) 

[𝐻𝐶𝑂3
−] = [𝐻𝐶𝑂3

−]𝑏𝑢𝑙𝑘  (3.19) 

[𝐶𝑂3
2−] = [𝐶𝑂3

2−]𝑏𝑢𝑙𝑘  (3.20) 

With all the conservation equations (3.6) – (3.11), the boundary conditions (3.12) – (3.20), 

and constants known, the partial differential equations given can be solved using the function 

‘pdepe’ in MATLAB. Variations in the concentration of different species and local pH as a 

function of distance and time for the electrocatalyst CoOx electrodeposited on the titanium 

electrode for the electrochemical oxidation of methane are shown in Figure 3.2. 
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Figure 3.2. Concentration profiles of all different species and local pH involved when using an 

electrodeposited CoOx onto titanium cylinder electrode with electrolyte of 0.1 M K2CO3 for the 

electrochemical oxidation of methane. 
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3.2 Partial current density of methane oxidation towards methanol 

The experiment is conducted under 800 rpm at ambient temperature and pressure using an 

electrodeposited catalyst onto titanium cylinder electrode with 0.1 M K2CO3 electrolyte for the 

electrochemical oxidation of methane. The values of partial current density (PCD) regarding 

methane oxidation towards methanol calculating the theoretical maximum and methane flux that 

may determine whether the experimental results could be rationalized. The maximum PCD can be 

calculated by the limiting current flow for the electrochemical reaction (Equation 3.21), 

𝑖𝐶𝐻4,𝑙𝑖𝑚𝑖𝑡𝑖𝑛𝑔 = 𝑧𝐹𝐶𝐶𝐻4
𝐾𝑚𝐴  (3.21) 

where 𝑧 is the stoichiometric number of electrons consumed in the electrochemical reaction (2 for 

methane oxidation to methanol), 𝐹  is Faraday’s constant 96,485 (C mol−1), 𝐶𝐶𝐻4
 is the initial 

concentration saturated in the bulk electrolyte 1.3×10−3 (M), 𝐾𝑚 is the mass transfer coefficient 

8.2×10−3 (cm s−1) adapted from Pine research: Study of Mass Transport Limited Corrosion with 

Rotating Cylinder Electrodes 42 (Equation 3.22), and A is the active surface area 3 cm2, 

𝐾𝑚 = 0.01𝑑0.4 (
𝜇

𝜌
)

−0.344

𝐷0.644𝐹0.7  (3.22) 

where d is the diameter of rotating cylinder electrode 1.2 (cm), μ is the viscosity 1.015×10−2 (cm2 

s−1), ρ is the density 1 (g cm−3), and D is the diffusion coefficient 1.84×10−5 (cm2 s−1), and F is the 

rotational speed 800 (rpm). Considering all the methane species reacted by the electrochemical 

reaction, the limiting current (maximum PCD) for methanol production is 6.17 (mA) and the 

methane flux is 7.973 ×10−9 (mol cm−2 s−1) from Fick’s law with the previous assumption of 30 

µm boundary layer thickness. Consequently, the expected maximum methanol concentrations in 

the 0.1L carbonate electrolyte are 1.15 mM and 2.3 mM for one-hour and two-hours experiments, 

respectively.  
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4. Results and discussion 

4.1 Electrodeposition of transition metal oxides 

An electrodeposition method was employed to fabricate binary (CoZrOx) and unary (CoOx, 

CuOx, NiOx, FeOx, and MnOx) transition metal oxides (For details, see the Experimental Section 

2.1 and 2.2). As shown in Figure 4.1, scanning electron microscopy (SEM) was used to observe 

the morphology and microstructure of different transition metal oxides. In all samples, different 

transition metal oxides were analyzed before and after electrochemical oxidation of methane for 

comparisons. The binary transition metal oxide of CoZrOx was successfully synthesized via 

zirconium co-electrodeposition with cobalt oxide onto the surface of titanium cylinder electrode, 

with the zirconium crystal particle attached to the crystalline cobalt oxide (Figure C.1). 

In Figure 4.1. (a), the SEM image of blank titanium showed a flat surface without any fine 

structure for comparisons. Cobalt oxide is electrodeposited as a dense film before the 

electrochemical oxidation of methane (Figure 4.1 (b)). By contrast, cobalt oxide after oxidation 

formed loose lump patterns which implies that some catalytic oxides were lost during testing. In 

Figure 4.1. (c), Copper oxide before oxidation showed angular particles with edges and corners 

closely packed onto the substrate with a dense orientation. Conversely, copper oxide after 

oxidation showed smoother crystals and a less dense orientation. In Figure 4.1. (d), Nickel oxide 

before oxidation exhibited a sheet morphology and relatively flat microstructure showing plates 

on the substrate. Some of the sheets stacked together into a larger plane while others extruded with 

each other to form cracks and smaller sheets. In contrast, nickel oxide after oxidation demonstrated 

crack textures on its plane. 
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Figure 4.1. SEM images of (a) blank titanium and different transition metal oxides (b) CoOx (c) 

CuOx (d) NiOx (e) MnOx and (f) FeOx electrodeposited on titanium cylinder electrode. 1 denotes 

samples before electrochemical oxidation of methane. 2 denotes samples after electrochemical 

oxidation of methane. The scale bars in all the samples are 1 µm. 
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In Figure 4.1. (e), manganese oxide presented larger fragments and small sheets packed on the 

surface when electrodeposited onto substrate, where its stacked oxide and lattice orientation 

showed poor substrate adhesion. Manganese oxide after oxidation, on the other hand, resulted in 

some of the small sheets being lost to give a flat surface while the larger fragments remained on 

the surface. Iron oxide before oxidation showed a porous structure packed with small particles 

exhibiting dense orientation (Figure 4.1. (d)), while its porous microstructure could not be 

obviously seen after oxidation and only a few porous sites remained where the flat substrate 

indicated that iron oxide was lost. In the view of these figures, SEM images of all the different 

transition metal oxides (CoZrOx, CoOx, CuOx, NiOx, MnOx, and FeOx) have been shown before 

and after electrochemical oxidation of methane in order to give a general idea of morphology and 

microstructure of different electrocatalysts electrodeposited and presented on the substrate for 

further studies. 

Additionally, the chemical compositions and oxidative valences (oxidation states) of 

binary transition metal oxide (CoZrOx) was measured by X-ray photoelectron spectroscopy (XPS). 

Figure C.2. showed wide-range, Co 2p, Zr 3p, and O 1s XPS spectra for binary transition metal 

oxide CoZrOx.  It indicates that binary transition metal oxide most likely consisting of a mixture 

of ZrOx and CoOx was successfully co-electrodeposited on the titanium cylinder electrode. 

Furthermore, the intensity of the Ti 2p in the XPS spectra is low compared to Co 2p and Zr 3p and 

implies that the surface of titanium cylinder electrode is well covered through electrodeposition 

and all the active materials are presented on the surface for electrochemical oxidation of methane. 

The Co:Zr ratio in the CoZrOx film is approximately 1:4 according to XPS spectra. Ex situ XPS 

showed a Co 2p signal in CoZrOx that correspomds to Co2+ with the main Co 2p3/2 signal of binding 

energy (BE) 780.3 eV. Zirconium, on the other hand, is an oxidative state of Zr4+ with the primary 
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Zr 3d5/2 signal of BE 182.2 eV. The signal in the O 1s region at BE = 531.4 eV corresponds to 

oxygen atoms similar to the formation of transition metal oxides. It was hypothesized that the 

incorporated zirconia into CoOx occurred through an electrodeposition mechanism involving the 

reduction of Zr4+ to Zr3+ on the counter electrode and subsequent oxidative deposition of Zr3+and 

Co2+ on the working electrode.  

The chemical compositions of titanium substrate and unary transition metal oxides (CoOx, 

CuOx, NiOx, MnOx, and FeOx) were also measured by wide-range XPS spectra (Figure 4.2) and 

the elemental distributions are listed in Table 4.1. The titanium substrate showed typical signals 

of Ti 2p and O 1s. The other unary transition metal oxides also showed typical signals of their 

main elements (Co 2p, Cu 2p, Ni 2p, Mn 2p, and Fe 2p) and O 1s which indicated that the oxygen 

atoms correspond to the formation of transition metal oxides. A few electrocatalysts (CoOx, CuOx, 

and NiOx) contain a little amount of Ti 2p signals which implies that the surfaces of titanium 

cylinder electrode were not fully covered through electrodeposition while MnOx, and FeOx were 

fully covered on the titanium substrate with larger mass loadings. Additionally, the mass loadings 

of MnOx is responsible for the observed potassium ions in the C 1s region after the electrochemical 

oxidation of methane since the layered oxides containing different valences of metal oxides 

confine anions and water between its interlayers for the charge of the metal oxide layers. The trace 

amount of the Cl 2p signals in some of the XPS spectra could be the acid cleaning of HCl solution 

prior to the electrodeposition in order to remove the titanium oxides.   
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Figure 4.2. Wide-range XPS spectra of the surfaces of titanium substrate (before) and different 

unary traisition metal oxides (CoOx, CuOx, NiOx, MnOx, and FeOx) before and after the 

electrochemical oxidation of methane. 
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Table 4.1. The elemental distributions of blank titanium electrode (before) and different transition 

metal oxides (CoOx, CuOx, NiOx, FeOx, and MnOx) before and after electrochemical oxidation of 

methane via XPS analysis (Unit: percentage %).  

Name Titanium CoOx CuOx NiOx MnOx FeOx 

Sample Before Before After Before After Before After Before After Before After 

Target element: 

Ti, Co, Cu, Ni, 

Mn, or Fe (2p) 

Ti: 23.28 

Co: 8.59 

Ti: 5.24 

Co: 9.61 

Ti: 0.97 

Cu: 26.82 

Ti: 0.6 

Cu: 6.09 

Ti: 0.95 

Ni: 14.91 

Ti: 3.09 

Ni: 15.37 

Ti: 2.29 

Mn: 20.04 Mn: 12.71 Fe: 22.88 Fe: 21.55 

O (1s) 40.4 43.37 40.36 36.36 38.49 44.32 47.91 49.21 33.23 51.43 50.36 

C (1s) 35.59 41.41 47.70 35.23 54.46 37.04 33.58 29.2 42.51 25.04 26.89 

N (1s) 0.73 0.85 1.12 0.99  0.66 0.34 0.76 0.69 0.65 0.7 

Na (1s)  0.24      0.79    

Cl (2p)  0.3 0.24    0.5  0.15  0.5 

K (2p)         10.71   
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4.2 Electrocatalytic performance for methane partial oxidation 

The electrocatalytic activities of different transition metal oxides on electrochemical 

oxidation of methane were studied in 0.1M K2CO3. Figure 4.3 shows the profiles of cyclic 

voltammetry within specific potential windows on blank titanium cylinder electrode and 

electrodeposited CoZrOx onto titanium cylinder electrode for comparison. Although blank 

titanium already contributes some amount of activity to the methane oxidation reaction in the 

beginning due to the oxidation reaction of titanium oxides as shown in Figure 4.3. (a), the intrinsic 

activity is still insignificant compared to electrodeposited CoZrOx. Conversely, in Figure 4.3. (b), 

the electrocatalytic activities of CoZrOx have been exhibited under different temperatures. CoZrOx 

at room temperature shows higher activity than low temperature (10 ℃). It implies that conducting 

electrochemical oxidation under low temperature conditions will decrease the overall 

electrocatalytic activity and may increase the methane solubility in the aqueous electrolyte. Herein, 

CoZrOx presents much higher electrocatalytic activity than blank titanium and indicates the 

electrodeposition method was conducted effectively to enable the electrochemical oxidation of 

methane.  

 

 



32 

 

 

Figure 4.3. Cyclic voltammetry profiles of current density versus potential curves. (a) blank 

titanium cylinder electrode and (b) electrodeposited CoZrOx onto titanium cylinder electrode. 

Conditions: titanium substrate, electrolyte 0.1M K2CO3, temperature: 10 ℃ or room temperature, 

saturated methane environment, rotational speed: 1600 rpm, and scan rate of 10 mV s-1. 

 

In Figure 4.4, the electrocatalytic activities of different unary transition metal oxides (CoOx, 

CuOx, NiOx, MnOx, and FeOx) is shown under methane saturated environments. CoOx was found 

to be the most active among these electrocatalysts and CuOx is the second most active 

electrocatalyst. Although NiOx, MnOx, and FeOx were discovered to be less active, their 

electrocatalytic performances are still higher than blank titanium cylinder electrode which presents 

a certain amount of materials electrodeposited on the surface of the cylinder electrode. Although 

MnOx and FeOx might possess high catalyst loadings through the electrodeposition of linear sweep 

voltammetry (Figure A.1), the overall catalytic performances are low compared to NiOx due to the 
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non-conductive nature of these materials. 41,48 Overall, different unary transition metal oxides all 

showed electrocatalytic capabilities for further electrochemical measurements (For details, see the 

Appendix A. Electrodeposition profiles of different transition metal oxides).  

 

 

 

Figure 4.4. Cyclic voltammetry profiles of current density versus potential curves for different 

transition metal oxides electrodeposited onto titanium cylinder electrode (CoOx, CuOx, NiOx, 

MnOx, and FeOx) showing electrocatalytic performances. Conditions: titanium substrate, 

electrolyte 0.1M K2CO3, room temperature, saturated methane environment, rotational speed: 800 

rpm, and scan rate of 10 mV s-1. 
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Figure 4.5. Cyclic voltammetry profiles of current density versus potential curves for different 

electrodeposited transition metal oxides under argon saturated or methane saturated environments.  

(a) CoOx (b) CuOx (c) NiOx (d) MnOx and (e) FeOx. Conditions: titanium substrate, electrolyte 

0.1M K2CO3, room temperature, saturated environment (argon or methane), rotational speed: 1600 

rpm, and scan rate of 10 mV s-1. 
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 As mentioned previously, the different transition metal oxides were prepared by 

electrodeposition method and their electrocatalytic activities were compared. In the 

electrochemical measurements of current density versus potential curves (Figure 4.5), an argon 

saturated environment was used to determine the activity of oxygen evolution reaction (OER) 

while a methane saturated environment was used to determine the activity of methane oxidation 

reaction (MOR) competing with OER.  Among all unary transition metal oxides as electrocatalysts, 

CoOx, CuOx, and NiOx were found to be active for the methane oxidation reaction towards 

methanol (product distribution and analysis will be discussed in the following section 4.3). Since 

cobalt is a well-known OER electrocatalyst41, the electrocatalytic performance shows the highest 

activity in the electrochemical measurement among others. As shown in Figure 4.5. (a), the applied 

potential above 0.9V is more favorable to OER generating lots of bubbles in the system and leading 

to the fluctuations in the current at high overpotentials. CoOx under the methane saturated 

environment exhibits an analogous phenomenon due to significantly higher activity of OER while 

methane adsorbed on the surface of the electrode decreases does not affect the activity significantly 

(Here, CoZrOx is not included since it shows identical pattern as CoOx). Similarly, with the 

presence of the methane saturated environment, CuOx, MnOx and FeOx exhibited decreasing 

profiles of electrocatalytic activities compared to the Argon saturated environment (Figure 4.5. (b), 

(d), and (e)). NiOx, on the other hand, shows much less activity in the system compared to CoOx 

and CuOx. In Figure 4.5. (c), additional electrocatalytic performance under the methane saturated 

environment suggest that NiOx may possess the ability of MOR where more catalytic sites might 

be activated during the electrochemical processes.  
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4.3 Electrochemical oxidation of methane and product analysis 

Figure 4.6. (a) shows the variation of partial current densities (PCD) for MOR towards 

methanol production at the different applied potentials of CoZrOx in the carbonate electrolyte 

conducting one-hour experiments. The decreasing trend of PCD from low to high potentials 

indicates that MOR at higher potentials might introduce more competing OER and over-oxidize 

methanol to carbon dioxide. In contrast, MOR at lower potentials could maintain a certain amount 

of methanol in the electrochemical systems.  Figure 4.6. (b) presents the faradaic efficiencies (FEs) 

for MOR towards methanol at the different applied potentials. FEs at lower potentials (below 0.6V) 

exceeding 100% implies that some of thermal reactions participate in the overall electrochemical 

oxidation of methane. In other words, the MOR in the presence of CoZrOx electrocatalyst is 

thermodynamically favorable to methanol under atmospheric conditions. As discussed in Figure 

4.6, the PCDs at lower potentials have higher values though the FEs are over 100%. Therefore, the 

CoZrOx electrocatalyst operating at lower potentials may be sufficiently active and the MOR 

towards methanol conducting at lower potentials would be more favorable as well.  
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Figure 4.6. (a) Partial current density and (b) faradaic efficiencies of CoZrOx for electrochemical 

oxidation of methane reaction producing methanol at different applied potentials 0.4−1.2V vs 

Ag/AgCl in the carbonate electrolyte for one-hour experiments. 

Figure 4.7. (a) Partial current density and (b) faradaic efficiencies of CoOx for electrochemical 

oxidation of methane reaction producing methanol at lower applied potentials 0.4−0.6V vs 

Ag/AgCl in the carbonate electrolyte for one-hour experiments. 
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Because of the poor reproducibility of CoZrOx electrocatalyst at lower potentials for the 

MOR towards methanol, CoZrOx electrocatalyst was decoupled and unary transition metal oxide 

(CoOx) without incorporated zirconia was also studied to determine the ability of cobalt to produce 

methanol. Figure 4.7 shows the PCDs and FEs for MOR towards methanol production at lower 

applied potentials (0.4−0.6V) of CoOx in the carbonate electrolyte conducting one-hour 

experiments. As shown in Figure 4.7 (a), the CoOx still has the ability to produce methanol 

although the PCDs are lower than CoZrOx. Furthermore, the FEs over 100% (FEs at applied 

potentials below 0.6V are even above 200%) also implies that the CoOx electrocatalyst is 

thermodynamically favorable of MOR to methanol under ambient conditions. The methanol 

production as shown in the trend of PCDs is more stable within the lower potential domain 

(0.4−0.6V). Consequently, the MOR operating at lower potentials performs better under longer 

experiments in order to determine the ability of MOR and methanol distribution. 

As mentioned before, the MOR operating at lower potentials may obtain higher amount of 

methanol in the electrochemical oxidation of methane. Nonetheless, considering the open circuit 

potentials (OCP), typically 0.3−0.4V on average among all the electrocatalysts, and the transient 

OCPs (0.5−0.55V) after the electrochemical measurements for determination of the 

electrocatalytic performances at the fixed potential window (0.6−1.1V), two-hours experiments 

were conducted at the applied potential 0.6V in order to ensure an oxidative state of electrocatalysts 

to drive MOR towards methanol. Also, the lowest FE at the applied potential 0.6V may contribute 

more electrochemical reactions in assistance of the overall methane oxidation reaction. As shown 

in Figure 4.8, the production rate of methanol on CoOx for the MOR utilized chronoamperometry 

program operating two-hours experiments under different rotational speeds and samples were 

taken at different reaction times for NMR product detection. The two-hours experiment under 800 
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rpm shows the highest production rate: 16.9 µmol h-1 while 1600 rpm is the lowest one: 1.7 µmol 

h-1. On average, the overall production rates within two-hours experiments under 0, 100, 400, 800, 

and 1600 rpms are 1.065, 1.005, 0, 3.725, and 0.845 µmol h-1, respectively. As discussed earlier, 

the values of production rate in the beginning (0H) could be thermodynamically favorable MOR 

in the overall electrochemical reactions because of the participation of thermal reactions and the 

processes of other electrochemical measurements prior to MOR. Additionally, the negative values 

of production rate represent the target product methanol being oxidized in the electrochemical 

system. The production rate under 400 rpm: 0 µmol h-1 on average indicates that the amount of 

methanol produced in the system has been completely oxidized afterwards. Although the CoOx 

electrocatalyst is capable of activating methane to methanol, the mass transport and overoxidation 

issues lead to a fluctuation in the production rate of methanol in the electrochemical system. In 

theory, high rotational speeds would ameliorate the mass transport limitations and bring more 

reactants within the boundary layer thickness to proceed MOR. However, in this case, with the use 

of commercial electrochemical cell, a higher amount of target product methanol is initially 

produced in the system, and more products would diffuse back and oxidize on the surface of the 

catalytic electrode. Due to the lower bond dissociation energy (400 kJ mol-1) and polarized 

molecular structure of methanol compared to methane, methanol is susceptible to overoxidation 

during the MOR and thus both methane and methanol are present on the electrocatalytic surface 

and are being oxidized.    
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Figure 4.8. The production rate of methanol on CoOx for electrochemical oxidation of methane 

reaction at 3 different reaction times within two-hours experiments using the chronoamperometry 

program performed at 0.6V vs Ag/AgCl under different rotational speeds: 0, 100, 400, 800, and 

1600 rpms. 
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To further study the fluctuation in methanol concentrations and the changes between period 

of operation where methanol is produced and where methanol is oxidized and its dependence on 

rotation rates, the production rate of methanol on CoOx for the MOR was operated in two-hours 

experiments under different rotational speeds. In these experiments, liquid aliquots were taken at 

many different reaction times with 20 minutes intervals (Figure 4.9) and analyzed with NMR to 

quantify products. The experiment under 0 rpm exhibits the highest initial production rate: 12.374 

µmol h-1 since the reactant of methane adsorbs on the catalytic surface without any mass transport 

and further oxidize to methanol in the system. Nonetheless, it also shows lowest production rate: 

−13.7 µmol h-1 in the following reaction times due to mass transfer effects of oxidizing methanol 

subsequently. The experiment under 100 rpm shows the lowest production rate and the ability for 

activating methane to methanol only presents within the first hour. The experiments under 400 and 

800 rpms both show the typically fluctuated distributions of comparable methanol production rate 

caused by mass transport. On average, the overall production rates within two hours under 0, 100, 

400 and 800 rpms are −0.472, −0.16, −0.371, and 0.174 µmol h-1, respectively. With the 

fundamental understanding of active electrocatalyst CoOx, it is essential to take mass transfer 

effects and electrochemical systems into account.  
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Figure 4.9. The production rate of methanol on CoOx for electrochemical oxidation of methane 

reaction at many different reaction times (20 minutes interval) within two-hours experiments using 

the chronoamperometry program performed at 0.6V vs Ag/AgCl under different rotational speeds: 

0, 100, 400, and 800 rpms. 
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Furthermore, other transition metal oxides (CuOx, NiOx, MnOx, and FeOx) were 

investigated for MOR towards methanol. In Figure 4.10, all the electrocatalysts operated two-hours 

experiments under the same rotational speed: 800 rpm and samples were taken at many different 

reaction times with 20 minutes intervals. The experiment of NiOx shows comparable production 

rate: 11.56 µmol h-1 to CoOx (9.9 µmol h-1) though the electrocatalytic performance is much less 

active than CoOx. While CuOx exhibits second highest electrocatalytic performance over cyclic 

voltammetry, the production rate: 10.74 µmol h-1 is also close to CoOx and NiOx. On the other 

hand, MnOx and FeOx could not produce methanol from MOR. Overall, NiOx and CuOx are also 

active to produce methanol and show similar pattern of production distribution as CoOx due to 

mass transfer and overoxidation effects in the electrochemical system being dominated entirely by 

the hydrodynamics in the cell. 
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Figure 4.10. The production rate of methanol on different transition metal oxides (CoOx, CuOx, 

NiOx, MnOx, and FeOx) for electrochemical oxidation of methane reaction at many different 

reaction times (20 minutes interval) within two-hours experiments using the chronoamperometry 

program performed at 0.6V vs Ag/AgCl under the rotational speeds: 800 rpm. 
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Among all the electrocatalysts tested over the electrochemical measurements, CoZrOx, 

CoOx, NiOx, and CuOx were found to be active to produce methanol based on these results. To 

further clarify the abilities of the MOR towards methanol on these electrocatalysts, the control 

experiments have been conducted to confirm the active transition metal oxides and the methanol 

detection (Appendix B). Introducing non-conductive zirconia, participating in the adsorption of 

carbonate ions, incorporated with cobalt oxide via electrodeposition method to the MOR at 

ambient temperatures has shown the ability to activate methane towards methanol. Single 

transition metal oxides prepared through electrodeposition method (CoOx, NiOx, and CuOx) have 

also shown the ability to activate methane towards methanol where these electrocatalysts have not 

been investigated the capabilities of methanol production in any other published literatures. MnOx 

and FeOx, on the other hand, show none of results to produce methanol in this study, possibly 

because they are inactive electrocatalysts that cannot form active oxygen species due to their 

intrinsically inactive metal oxides and poor conductivity. Based on the fundamental 

understandings of reaction mechanisms, it is imperative to bridge the reaction mechanisms to 

electrocatalysis that might be acquired either by oxidants under thermodynamically favorable 

conditions or electrically driven oxidative potentials. First of all, the dissociation of one of C-H 

bonds in methane is the primary step for the MOR. The nature of the reaction pathways in the 

proposed heterogenous reaction systems can be categorized into two types of reaction mechanisms: 

dehydrogenation and deprotonation. The dehydrogenation mechanism generates adsorbed oxygen 

atom (O*) by active sites of metal oxides (M-O) involving an abstraction of one of hydrogen atoms 

(•H) from methane to form the transition states of •CH3 and •OH radicals then the •CH3 radicals react 

with catalytic surface of •OH sites to produce methanol (Equation 4.1). On the other hand, the 

deprotonation mechanism decouples methane to CH3
- and H+ and CH3

- subsequently reacts with the 
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catalytic center to form a M-C bond while H+ coordinates to the acceptors of surface metals or surface 

oxygen species in the transition state (Equation 4.2). In this regard, utilizing electrocatalysts may 

promote surface stabilized M-CH3 reaction pathway in the C-H bond activation for the production of 

higher hydrocarbons or oxygenates such as alkanes, alkenes, and alkanols.2,23,43,44 

𝑀 − 𝑂 + 𝐶𝐻4 → 𝑀 − 𝑂𝐻 +∙ 𝐶𝐻3                                                                                                            (4.1) 

𝑀 + 𝐻+ + 𝐶𝐻4 → 𝑀 −  𝐶𝐻3 + 𝐻 − 𝐻+                                                                         (4.2) 

 

Herein, in this work, only the reaction pathway has been considered as the proposed 

dehydrogenation mechanism for methane to methanol while neglecting any other side reactions 

and investigating the simple model for the study of activities on the different transition metal 

oxides. Considering all the possible side reactions, intermediates, and products, the accurate 

investigation of reaction mechanisms, the rate-limiting steps, and kinetics are indispensable by the 

studies of theoretical models, practical experiments, and in situ characterization. Detailed 

investigation will not be discussed in this work but it is noteworthy that most of the transition metal 

oxides are well-know OER electrocatalysts or active for MOR towards methanol and carbon 

dioxide reactions in all research works. However, the insights of selected electrocatalysts are not 

well-developed and there is no given rationalization that these electrocatalysts are active for MOR. 
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5. Conclusion and future expectations 

5.1 Conclusion of this work 

To summarize, the binary transition metal oxide of CoZrOx has been fabricated via a one 

step of electrodeposition method that promotes the MOR to methanol. The CoZrOx electrocatalyst 

also shows a mixture of ZrOx and CoOx that could be comparable to literature examples of the 

fabrication of Co3O4/ZrO2 nanocomposite and Co3O4 powder/ZrO2 nanotubes. However, the role 

of ZrO2 incorporated with Co3O4 remains unclear and the FEs are above 100%, implying that either 

the chemical reactions might participate between methane and stoichiometric oxidants in the 

presence of CoZrOx electrocatalyst or the carbonate electrolyte could be responsible for production 

of oxygenates. Further studies should investigate the fundamental understandings of kinetics and 

reaction mechanisms coordinated to zirconia in the electrochemical systems highlighting the 

formation of methanol (this work) and higher alcohols (other published literatures).   

Additionally, the unary transition metal oxides (CoOx, NiOx, and CuOx) have been 

fabricated effectively and shown the capabilities of methanol production in the commercial 

electrochemical cell. Due to the mass transfer issue in the commercial cell, the methanol 

production rates on these electrocatalysts showed fluctuated or irregular patterns on both one-hour 

experiment and two-hour experiments. With greater amounts of methanol produced in the 

electrochemical system, greater amounts diffused back and oxidized on the electrocatalytic surface, 

thus preventing this system from conducting long-term experiments with higher methanol 

production rates and methane conversion. Based on the fundamental understandings of these active 

electrocatalysts, it is necessary to take mass transfer effects into account regarding reactant 

(methane) and product (methanol) transport.  
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5.2 Future expectations:  

5.2.1 Cell design 

The prerequisites for electrocatalysts to catalyze methane to methanol are to bring methane 

onto the active sites with proper orientation to lower activation energy requirement and stimulating 

oxidation reaction rates, regenerating active oxygen species and preventing overoxidation, and 

possessing high surface coverage of active sites for electrocatalyst architecture.  From the 

understandings of intrinsic kinetics for electrochemical oxidation of methane, it is essential to 

bridge these prerequisites to methanol separation, transport, and collection networks.  

To fully investigate electrochemical oxidation of methane reaction, the cell design should 

enhance mass transfer effects of liquid products and compensate missing gaseous products. A gas-

tight rotation cell design, that is compatible for RCE, is necessary for further experiments in order 

to gain fundamental understandings of hydrodynamics and mass transfer effects. The main purpose 

for the rotation cell is to introduce rotational speeds to the working electrode to reduce boundary 

layer thickness and eliminate mass transfer limitations. Meanwhile, gaseous products can be 

quantified in the rotation cell connecting gas inlet and outlet through gas chromatography (GC). 

Tuning rotational speeds may improve methane oxidation reaction towards methanol and decouple 

any mass transfer effects of side reactions. Consequently, rotational speeds might be a key factor 

to determine methane oxidation reaction towards methanol and study the selectivity of methanol 

and carbon dioxide. 

Electrochemical oxidation of methane, typically utilizing water as the oxidant in aqueous 

electrolyte, indicates that it may be possible to attain the high selectivity of methanol at certain 

conversion levels by applying an appropriate electrocatalyst. However, high selectivity of 

methanol usually undergoes low methane conversions that brings the other challenge conducting 
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on the overall methane oxidation reaction. While using aqueous electrolyte may be useful to obtain 

high sensitivity product detection, it could not overcome this challenge due to poor mass transfer 

and low solubility of methane. Therefore, methanol separation, transport, and collection are a 

major concern in the systems since our target product may encounter overoxidation. In this regard, 

an electrochemical system, membrane electrode assembly (MEA) including vapor fed and aqueous 

electrolyte solution fed on both sides of the cells, has been proposed to explore electrochemical 

oxidation of methane to methanol for regulating the local pH and microenvironment within 

boundary layer thickness. The primary characteristic of the MEA architecture is to render reactant 

and product transport more efficiently on the electrocatalytic surface and to minimize ohmic loss 

through the membrane (ion-conducting medium). The utilization of MEA on the methanol 

production is promising because it provides advanced orientation through the electrocatalytic 

microenvironment and selective transport between reactants and products. Julie C. Fornaciari et al 

have reported that MEA may introduce new insights to address the issues related to high selectivity 

with low conversion since current electrochemical systems are still struggling to overcome these 

challenges due to required low over potentials to minimize overoxidation and maximize 

selectivity.43 

5.2.2 Catalyst characterization 

 The different transition metal oxides need to be studied comprehensively throughout the 

electrodeposition method including single metal oxide or combinations of two or three metal 

oxides such as ZrO2/Co3O4, ZrO2/NiO, and ZrO2/NiCo2O4 in order to explore the capabilities of 

methanol selectivity and the production of higher oxygenates or hydrocarbons. Furthermore, it is 

indispensable that the study of electrochemical interface sheds the light on reaction mechanisms 

and intermediates on the electrocatalytic surface over in situ techniques such as Fourier transform 



50 

 

infrared spectroscopy (FTIR) and Raman spectroscopy. Advanced tools for in situ observation are 

motivated in order to gain useful experimental results. Additionally, X-ray absorption/diffraction 

has shown that in situ monitoring of electrocatalysts can be applied to explore electrodeposited 

materials at a deeper atomic level such as chemical oxidation state, coordination environment, and 

crystal nature. More in situ experiments should be effectively demonstrated to capture the reaction 

intermediates and to better understand the reaction mechanisms and the behaviors of active sites 

more precisely.45–47  

 For further practical applications, significant catalyst loadings are vital to maintain 

relatively low overpotential particularly for high current density (0.5−2 A cm−2) of electrolyzers 

in larger scale processes.43 Catalyst loadings will be a significant factor to investigate the 

relationship between loading and activity on the methane oxidation reaction. Systematic studies 

are necessary to quantify the combination of electrodeposited transition metal oxides through 

quartz crystal microbalance (QCM). The extended transition metal oxides of catalyst loadings may 

be dependent of activity of methane oxidation reaction reflecting the reaction turnover frequency 

(TOF).41  
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Appendices 

Appendix A. Electrodeposition profiles 

In the electrodeposition process, most electrocatalysts (CoZrOx, CoOx, NiOx, MnOx, and 

FeOx) were electrodeposited by 100 cycles of consecutive linear sweeps within the potential 

window through linear sweep voltammetry program while copper oxide (CuOx) was obtained by 

applying constant potential via chronoamperometry program (Figure A.1).  

 

Figure A.1. The electrodeposition profiles of different transition metal oxides via the programs of 

linear sweep voltammetry (a) CoZrOx, (b) CoOx (c) NiOx (d) MnOx and (e) FeOx and 

chronoamperometry (f) CuOx. All the electrodeposition processes conducted in the bath of 0.1 M 

sodium under ambient conditions.  
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Appendix B. Control experiments 

Nuclear Magnetic Resonance (NMR) Spectroscopy (1D 1H-NMR spectroscopy) was 

performed to quantitatively determine the presence of methanol as the MOR product for active 

electrocatalysts (CoZrOx, CoOx, NiOx, and CuOx). The blank titanium cylinder electrode was used 

as the control experiment followed by the same electrochemical measurements to confirm the 

NMR’s capability of methanol detection and blank titanium is inactive to produce methanol 

(Figure B.1). Furthermore, the active electrocatalyst (CoOx and NiOx) were conducted under inert 

gas (argon saturated environment) as the control experiment followed by the same electrochemical 

measurements in the identical manner of methanol detection (Figure B.2). In the following Figure 

B.3, the production distribution has shown only little amount of acetate in the system under argon 

saturated environment. Lastly, the dissolution samples of CoOx electrocatalyst was prepared to 

determine the possible contaminants from the catalyst preparation. In Figure B.4, the preparation 

of dissolution samples was followed by dissolving CoOx electrocatalyst in the several droplets 

(2−3 ml) of 2 M hydrochloric acid after the electrodeposition process, then added 0.1 M potassium 

carbonate electrolyte to 100 ml, and stirred and mixed well the solution followed by samples taken 

for NMR detection. As shown in Figure B.4, the results indicate that some amount of acetate 

(below 5 μM) is unavoidable in the electrochemical systems since the experiments were conducted 

by using acetate species in the electrodeposition bath though the concentration of acetate is trivial. 

Its concentration is also independent of methanol production and there is no methanol shown in 

the NMR spectra from the dissolution experiments. 
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Figure B.1. 1D 1H-NMR spectra of methanol chemical shift with (a) blank titanium cylinder 

electrode (green), (b) CoOx (red), and (c) NiOx (blue) under methane saturated environment after 

the chronoamperometry program performed at 0.6V vs Ag/AgCl. 

 

Figure B.2. 1D 1H-NMR spectra of methanol chemical shift with (a) CoOx (red), and (b) NiOx 

(blue) under argon saturated environment after the chronoamperometry program performed at 

0.6V vs Ag/AgCl. 
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Figure B.3. Product distribution on (a) CoOx and (b) NiOx under argon saturated environment at 

many different reaction times (20 minutes interval) within two-hours experiments using the 

chronoamperometry program performed at 0.6V vs Ag/AgCl under the rotational speeds: 800 rpm. 

 

 

 

 

 

 

 

 

 

Figure B.4. The amount of methanol and acetate in the prepared dissolution experiments from the 

electrodeposited CoOx catalyst. 
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Figure B.5. Calibration curve for methanol and acetate normalized by relative area and number of 

protons detected from external standard products (methanol and acetate) with concentrations of 

0.01, 0.05, 0.1, 0.25, 0.5, 1, 5, and 10 mM through the quantification of NMR spectra. 
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Appendix C.  Supplementary information 

 

 

 

 

 

 

 

Figure C.1. SEM images of CoZrOx present zirconium co-electrodeposited with cobalt oxide onto 

the titanium cylinder electrode. The scale bars in these samples are 1 μm. 

Figure C.2. Wide-range, Co 2p, Zr 3d, and O 1s of the XPS spectra for CoZrOx. 

CoZrOx CoZrOx 
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Figure C.3. The profiles of chronoamperometry for two-hours electrochemical oxidation of 

methane on different transition metal oxides performed at 0.6V vs Ag/AgCl under the rotational 

speeds: 800 rpm. 
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Figure C.4. The amount of methanol concentrations on CoOx, NiOx, and CuOx at many different 

reaction times (20 minutes interval) within two-hours experiments using the chronoamperometry 

program performed at 0.6V vs Ag/AgCl under the rotational speeds: 800 rpm. 
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