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Abstract 
 

Fuel cells make use of electrochemical reactions to produce electricity and majority of the devices have almost no carbon 
emissions. These devises, and other environmentally friendly energy systems alike, have gained more and more popularity 
and necessity in the face of high levels of hazardous pollutants accumulated over the years. Electrocatalysts form part of the 
components of the membrane electrode assembly (MEA) and are a key part in the fuel cell systems. Furthermore, 
electrocatalysts play a crucial role in supporting electrodes to promote various electrochemical reactions needed to generate 
energy. Nanostructured transition metal oxides (TMOs) are among the most suitable material candidates for these 
applications. The interest in TMOs is not new; nanostructured compounds of these materials have good catalytic activity, 
good durability and high efficiency and have been an interest in catalyst research for years. Studies and developments have 
reported impressive progress towards these catalyst materials as promising candidates to promote the mass 
commercialization of fuel cells. Up to now, platinum and platinum group metals have been the ideal choice due to their 
outstanding properties, however researchers have had to explore other TMs which do not have the let-down of lack of 
abundance and high cost. Many reviews have been done on the strides made on the invention and developments made over 
the decades and TMs are no exception to the list. However, platinum, titanium, tungsten, tin and iridium have received more 
attention and very few papers have been published on the overall oxides of TMs. With the aim of bringing understanding to 
why TMs contribute greatly towards the improvement studies of catalytic performance, this review discusses recent 
published studies on progress made to develop TM oxides as electrocatalytic materials in varied applications of fuel cells.   
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1. Introduction 

Transition metal oxides are adopted in fuel cells applications 

as electrocatalyst due to their abilities in charge transfer with 

adsorbed molecules.[1] Generally, transition metal oxides 

exhibit good catalytic activity in the oxidation reduction 

reaction (ORR). Their availability ranges from rare and 

expensive; considering the platinum group metals to plenty 

other abundant and cost friendly materials from the ‘d’ block[2] 

providing a wide selection during material design. For these 

reasons, transition metal oxides (TMOs) have increasingly 

gained interest in industrial applications and in catalysis 

studies,[3] more so in the research and development of fuel cell 

technology. Fuel cells are a clean, sustainable and renewable 

technology that provides a solution to generating energy from  

fossil fuels which have devastating impacts to the environment 

and ultimately the human life. The global urgency to switch to 

environmentally cleaner solutions has open up a commercial 

need for conversion technologies such as fuel cells.[4] 

Different types of fuel cells have been designed and 

developed since their first invention in the 1800s; however, 

they all subscribe to the same working principle and are 

assembled similarly. They convert electrochemical energy to 

electrical energy with littles to no harmful emission.[5] In fuel 

cells, there are three primary segments in each design, namely, 

an anode, cathode and an electrolyte between the two.[6] The 

type of a fuel cell is determined by the electrolyte, liquid or 

solid.[7] The polymer electrolyte membrane is one of the most 

studied types of cells. A typical representation of a fuel cell is 

presented in Fig. 1. Fuel cells are reliable, sustainable and 

offer longevity in back up power systems,[8,9] in marine 

applications[10] and in transportation and residential 

applications.[11] Honda, Toyota and Hyundai have made stride 

in the mass production of vehicles running on hydrogen fuel 

cells.[12,13] Fuel cell based transportation, power plants, and 
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electricity generators can be expected to become prominent in 

the coming decades.[14]  

 

 
Fig. 1 Schematic Representation of a PEMFC. Reproduced with 

the permission from [15]. 

 

At the core of fuel cell systems lies the membrane electrode 

assembly (MEA), which require outmost tendering during 

synthesis.[16] The membrane is made up of the anode, cathode, 

catalyst and gas diffusion layers. The layers are responsible for 

different functions such as the transfer of reactant/ product 

species, charges, and heat.[17] At the anode, a hydrogen-

containing fuel is fed, and a catalyst layer is placed to split the 

fuel into electrons and protons. Protons travel through the 

electrolyte, which only permits positively charged ions to 

move through while an alternative and path is provided for the 

electrons to travel to the cathodic side of the cell. Oxygen, 

usually from air, is fed at the cathode. There, the oxygen reacts 

with both the hydrogen protons and electrons to form water 

which then leaves the systems. The movement of the electrons 

from the anode to the cathode is collected as electricity.[18] Fuel 

cells can operate at low and high temperatures. Noble metal 

catalysts such as platinum, are usually chosen for low 

temperature applications. Hydrogen rich fuels, such as 

hydrocarbons and alcohols together with an oxidant can be 

adopted for energy production in fuel cells however hydrogen 

is mostly used and considered to show higher electrochemical 

reactivity. When other fuels are used, they are broken down 

into hydrogen and other elements thereafter the 

electrochemical process proceeds. The abundance of air 

provides oxygen as a highly reactive oxidant.[19] Despite their 

excellent properties, transition metal oxides are limited by 

poor conductivity, low energy density and sluggish 

electrochemical kinetics.[20] Other than the cost barrier, 

platinum is commonly used as the catalysts later due to its 

excellent properties. Due to its cost, platinum loading is 

preferred to be low without compromising the activity, 

durability and stability of the materials.[21] This is done by 

adding support to the platinum to increase the surface area. 

The catalyst and support materials chosen are usually porous 

structures and they are responsible for promoting the cell 

reactions. During operation, the materials can be prone to 

degradation, for this reason material selection should consider 

chemical and electrochemical stability.[22] A schematic 

representation of the degradation of MEA undergoing 

dissolution, agglomeration and detachment of catalytic 

nanoparticles is presented in Fig. 2. 

 
Fig. 2 Schematic illustration of MEA and the degradation of 

electrocatalysts. Reproduced with the permission from [22], 

Copyright 2016 Elsevier Ltd. 

 

To date, numerous reviews have been done on a handful 

metals of the TMs group; graphene, carbon nanotubes, 

mesoporous carbon, and doped carbon nanostructures, some 

metals oxides borides, nitrides, carbides and hybrid 

nanocomposites.  Among the transition metal oxides, titanium, 

tungsten, tin and iridium oxides have received the most 

attention. In this paper, we seek to summaries recent 

developments on all the oxides of TMOs in different 

applications; the ongoing progress in overcoming the 

limitations from sluggish electrochemical kinetics and 

expensive costs of using PG metals. 

 

2. Fuel cell reactions 

The fuel cell makes use of a reduction oxidation reaction to 

generate electricity just as observed in a typical galvanic 

reaction. The fuel fed into the anode is split into 2 positively 

charged ions and 2 electrons through oxidation. The positively 

charged ions then travel through the electrolyte, however, the 

electrons cannot pass through an electrolyte with its negative 

charges, therefore, and an external alternative path is created 

through a conducting wire for the electrons to move to the 

cathode. Finally, the air fed into the cathode reacts with the 

positively charged ions and electrons and the output is usually 

water.[23] The movement of electrons through the conducting 

wire generates electricity or load which is used to power 

devices.  

The electrochemical reactions that take place inside of the 

fuel cell are a reversal of the water splitting process, also 

known as electrolysis. The quality of the gases fed into the fuel 

cell systems along with the catalytic properties of the materials 

in the membrane influence the voltage output.[24] Two half-cell 

reactions inside the fuel cell; the hydrogen oxidation reaction 

(HOR) and the oxygen reduction reaction (ORR).[25] The HOR 
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takes place at the anode as described in Eq. (1):  

H2 → 2H+ + 2e-    E0 = 1.229 V       (1) 

HOR has faster kinetics to ORR, even at low Pt loading the 

reaction is enabled. For this reason, HOR tends to receive less 

attention. However due to the low Pt loading, the HOR 

overpotential is not necessarily negligible.[26] The oxidation 

reduction reaction (ORR) is a multi-electron reaction six or 

more orders of magnitude slower kinetics than the HOR.[27] 

The outputs of this reaction depend on the medium; in acidic 

medium, a four-electron process yields water, whereas in 

alkaline medium, a four-electron and two-electron process 

yields hydroxides. ORR in acidic medium can be described in 

Eqs. (2-4) as follows:  

O2 + 4H+ + 4e- → 2H2O  E0 = 1.229 V      (2)  

O2 + 2H+ + 2e- → H2O2   E0 = -0.695 V              (3)  

H2O2 + 2H++2e- → 2H2O   E0 = 1.776 V       (4) 

ORR in alkaline medium can be described in Eqs. (5-7) as 

follows: 

O2 + 2H2O + 4e− → 4OH−           E0 = 0.401V      (5) 

O2 + H2O + 2e- → HO2
- + OH-  E0 = -0.076 V  (6) 

HO2
- + H2O + 2e- → 3OH-         E0 = 0.878 V         (7) 

Most of these electrochemical reactions occurring in fuel cells 

can be broken down into a series of steps, which include mass 

transport, adsorption, dissociation, electron transport and mass 

transport.[28] 

 

3. Properties of TMOs 

For transitions metals, atoms of oxygen form oxides with the 

metals easily due to their partially filled outer orbitals. 

Numerous compounds of TM oxides are already in existence 

and a large fraction of these assume a solid crystalline form at 

set environmental circumstances.[29,30] The design of a catalyst 

is also gravely affected by the relationship between the 

structure and reactivity of its oxide surfaces.[31] The structural 

arrangement of the metal cation and oxygen anion influences 

the relative acidity and basicity of the atoms present on the 

surface of metal oxides, which alter the catalytic properties of 

these compounds.[32] Evidently, the outer subshells of TMs are 

responsible for the wide scale of properties that range from 

oxides with metallic properties (mainly electronic and 

magnetic) to highly insulating properties. In Table 1, the 

oxidization states of transition metals are presented. The 

altering of operational conditions during synthesis such as the 

composition of the material, temperature and pressure allows 

for the manipulation of the desired final attributes.[33]  

The chemical attributes of TMs stretch wide, from metals that 

are strong reducing agents to those of very low reactivity. 

Precious metals have a high resistance to oxidation, causing 

them to exhibit high reduction potentials.[35] The 

electrochemical potential of transition metal catalysts goes 

higher along with the number of electrons in d orbitals of 

transition metal elements of the same period.[36] This is 

illustrated in Fig. 3.  

The particle size and catalytic activity is a key relationship 

to the electrocatalysis of oxygen. Studies have shown that 

because nanoclusters of transition metal oxides have a larger 

surface-to-volume ratio to that of nanoparticles, they are able  

 

Fig. 3 Schematic illustration of the electrode potential and the number of 

electrons in the d orbitals interaction of transition metal ions. 

Reproduced with the permission from [36], Copyright 2015 The Authors. 

Table 1. Oxidation states of the transition elements.[34] 

Element Oxidation state Element Oxidation state 

Scandium     3      Technetium    2  4 5    

Titanium   2 3 4     Ruthenium    2 3 4 5 6 7 8 

Vanadium    2 3 4 5    Rhodium    2 3 4  6   

Chromium    2 3 4 5 6   Palladium    2 3 4     

Manganese    2 3 4 5 6 7  Silver   1 2 3      

Iron    2 3 4 5 6   Cadmium    2       

Cobalt    2 3 4 5    Hafnium     3 4     

Nickel    2 3 4     Tantalum    2 3 4 5    

Copper   1 2 3      Tungsten    2 3 4 5 6   

Zinc    2       Rhenium  -1 +1 2 3 4 5 6 7  

Yttrium     3      Osmium    2 3 4  6  8 

Zirconium     3 4     Iridium    2 3 4  6   

Niobium    2 3 4 5    Platinum    2 3 4 5 6   

Molybdenum    2 3 4 5 6   Gold   1  3      
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to provide more active site to promote electrocatalytic 

reactions.[37] In fuel cell applications, catalyst are required to 

be and porous and have a large surface area to enable more 

reaction sites, the catalysts must be corrosion resistant 

andhave strong metal–support interaction, and stable 

structure.[38] According to Us et al. “The Sabatier principle 

states that the highest reaction rate occurs when the adsorption 

of reaction species on the catalytic sites is neither too strong 

nor too weak. This leads to the construction of a volcano-

shaped structure−activity relationship when plotting the 

reaction rate against descriptors such as the adsorption energy 

of intermediates. The volcano summit has, therefore, been 

regarded as the optimal region for the best performance”. The 

ORR volcano plot for transition metal catalysts is presented in 

Fig. 4. The electron interaction has a large impact of the crystal 

structure and stoichiometry of transition metal oxides. 

Therefore, beyond the volcano summit, the design of TMO-

based electrocatalysts also takes into consideration the spin, 

charge, and orbital states. The multiple crystal structures and 

compositions of TMO have enabled the modifications for 

improved catalytic activity. The d-orbitals, which is partially 

filled for the majority of the TMO is responsible the form the 

electronic structures of TMOs will take.[39] 

 
Fig. 4 ORR volcano plots for transition metal catalysts. 

 

4. Transition metal oxide-based electrocatalysts 

4.1 First transition metal series 

After calcium, the elements on the periodic table exhibit a 

significant shift of properties. From scandium through to 

copper which make up the first transition series, the elements 

begin to show similar physical and chemical properties due to 

relatively small effective nuclear charge. Literature describes 

that “each additional electron enters the penultimate 3d shell 

providing an effective shield between the nucleus and the 

outer 4s shell”. Oxidation states of scandium, titanium, and 

vanadium typically show the most stability, however, it is not 

possible to continue to remove all of the valence electrons 

from metals as we continue through the series.[35] With the 

current obstacle in the commercialization of electrocatalysts 

being rarity and cost, titanium, vanadium, chromium, 

manganese and iron have the advantage of being part of the 

most abundant metals on the Earth’s crust. By definition, a TM 

is a stable ionic element whose d shell is incompletely filled. 

The 3d shell for all compounds of scandium have no electrons 

occupying them while those of zinc are completely 

occupied.[40] 

 

4.1.1 Scandium, Titanium and Vanadium  

Oxide composites of scandium are not electrically conductive 

except for some perovskite structures which are adopted for 

cathode applications in solid oxide fuel cells. The metal is also 

a doping agent for the enhancement of other metals.[41] Recent 

publications have few to not work done on scandium and 

scandium oxide-based materials as cathode catalyst of fuel 

cells.[42,43] 

In catalytic applications, nanoscale titanium oxides are 

adopted as supporting materials, usually in combination with 

other metallic elements.[44] Hornberger et al. adopted 

ruthenium-titanium mixed oxide (RTO) supports for the 

oxygen reduction reaction of platinum nanoparticles and 

reported remarkable structural stability towards dissolution. 

Nevertheless, the catalytic activity seemed to decrease over 

time, jeopardizing the overall ORR activity and CO oxidation. 

the authors owed this to the possible passivation onto platinum 

by oxygen due to strong metal-support interaction.[45] Titanium 

oxide supports have also been reported to outperform carbon 

supports on the electrocatalytic activity of precious metal 

nanoparticles. However, Reducing the particle size proved to 

compromise the catalytic activity.[46] The development of 

titanium oxide based supporting materials has continued to be 

popular and recent research findings reveal that titanium oxide 

composites have remarkable efficiency for this role.[47,48]  

Vanadium has a wide range of oxides which possess 

various crystal structures and chemical properties. Prasadam 

et al. described vanadium oxides VO2, V6O13, V4O9, V3O7 and 

V2O5, as efficient candidates’ materials for electrode 

applications.[49] For decades, applications of catalysis have 

benefited from the use of vanadium oxide composites 

commonly in the form of precursors.[50] Ayyaru et al. recently 

presented vanadium pentoxide (V2O5) as a novel cathode 

catalyst material in air-cathode single chamber microbial fuel 

cells (SCMFCs). The study found that the V2O5 cathode 

catalyst constructed with the double loading MFC 

outperformed those constructed with single and triple loading 

MFC and its that it could function just as efficient as the 

commercial platinum catalyst.[51]  

 

4.1.2 Chromium, Manganese and Iron  

Oxides of chromium compounds are not electrically 

conductive. However, much like scandium, some perovskite 

structures of chromium oxides are adopted for cathode 

applications in solid oxide fuel cells. Chromium oxides are 

commonly used as catalysts for dehydrogenation of ethane in 

fixed beds, are applied as anodes in fuel cell reactors.[52] Their 
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high stability makes them suitable for electrochemical 

application in fuel cells. Literature reports that the presence of 

chromium with carbonaceous material can enhance the 

efficiency and durability of the prepared catalyst. Kamya et al. 

recently adopted chromium oxide/nanoporous carbon 

composite (Cr2O3/NPC) as support for platinum/thin oxide 

nanoparticles for ethanol oxidation reaction and concluded 

that metal/metal oxide binary composition of catalysts through 

co-action and synergistic effects increases catalytic activity.[53]  

The main advantage of utilizing manganese oxide compounds 

is that manganese has low cost, is abundant in nature, eco 

friendliness and has good electrochemical properties. Oxides 

catalysts of manganese exhibit good durability, flexibility and 

low toxicity which make them a popular material of study in 

the research communities. Due to these attributes, oxides of 

manages are adopted in but not limited to microbial fuel cell 

air cathodes,[54] metal-air batteries and alkaline fuel cells.[55] 

Studying the comparison between the Low cost α-MnO2 

nanowires and α-MnO2 nanowires supported on carbon 

Vulcan (α-MnO2/C) shows that the presence of carbon support 

enhances the efficiency of MFCs because of surface structure 

and higher surface area. The authors report that the stability 

measurements found are compatible with those of commercial 

platinum.[56] Similarly, Ding et al. reports on the benefits of 

carbon support.[57] In agreement of carbon support, Shah 

reports on highly active MnxOy/N-C as a promising candidate 

to be used as a cathode material.[55] The use of highly efficient 

but expensive metals along with affordable materials is a 

common tact. These studies include, Palladium and MnO2 as 

cathode catalyst with simultaneous pre-treatment results in 

higher redox activity of Pd in comparison to MnO2.[58] Yang et 

al. synergistic interactions of a Co-Mn oxide catalyst which 

exhibits impressive ORR activity in alkaline fuel cells.[59] Lima 

et al. also describes the effectiveness of the addition of MnOx 

on the Pt-MnOx/C near-surface region. The study found that 

the nanoparticle science of platinum was not necessarily what 

contributed to the overall performance of the Pt-MnOx/C but 

rather the interaction between the MnOx and Pt NPs active 

sites.[60]  

Oxides of iron have been a popular choice to microbial fuel 

cells. Sekar et al. reported that Cu-doped FeO nanoparticles 

coated on anodes of microbial fuel cells presents an affordable 

choice of materials as well as efficient power density of 

161.5mW/m2 necessary for enhancing energy generation.[61] 

After a 32-day simulated microbial fuel cell test run, two iron-

based metal catalysts showed better durability and improved 

power density 25% more than that of platinum (Pt) and 100% 

more than activated carbon (AC). Overall, the catalysts proved 

to be remarkably durable and a far more affordable option for 

studied for the oxygen reduction reaction (ORR).[62] According 

to Gorlova et al. “the catalytic hydrothermolysis of NH3BH3 

in the presence of CuFe2O4 is a potentially highly efficient 

method for hydrogen production for fuel cells at an external 

heating temperature of 90 °C”.[63] Coated on palladium, iron-

iron oxide nanoparticles (NPs) increases the current density of 

palladium 16 times more compared to an untreated palladium 

catalyst.[64] 

 

4.1.3 Cobalt and Nickel  

Studies have also noted that the Substitution of Co2+
 in the 

tetrahedral site and Co3+ in the octahedral site of Co3O4 with 

inactive Zn2+ and Al3+, respectively decreases the ORR in the 

order of Co3O4 (Co3+ Oh, Co2+ Th) < ZnCo2O4 (Co3+ Oh) << 

CoAl2O4 (Co2+ Th) in accordance of the ORR overpotentials 

at the current density of 0.1 mA cm-2 Ox. Co2+ Oh in CoO is 

the main active sites, which under electrochemical conditions 

tends to transform into Co3+ Oh and forms Co3O4 with hollow 

structure which remains decent ORR activity.[65] 

Ultrafine nanostructured-NiO outperforms the non-

modified Ni material. The performance of the metal oxide 

increases with increase in deposition time during ALD. El-

Lateef et al. reports that this metal oxide has suitable 

properties for the remediation of urea-rich wastewater and 

application in fuel cells and for hydrogen production.[66] To 

improve the catalytic efficiency of Pd in CO2 reduction, Fuku 

et al. fabricated NiO as a support. This modification revealed 

improved current and power densities and high levels of 

resistance to poisoning.[67] Hierarchical Ni(OH)2–NiS in-plane 

edge hybrid nanosheets on the carbon cloth surface (Ni(OH)2–

NiS-CC) has been reported to exhibit excellent electrocatalytic 

activity for catalytic electrode applications compared to other 

Ni based catalysts.[68] 

 

4.1.4 Copper and Zinc 

To the best of our knowledge, very littles nanocomposites of 

copper oxides have been studied recently. Work over the 

decades however shows that in the electrochemical energy 

storage and conversion applications, electrodes of granular, 

single-phase Cu2O and CuO can be described as extremely 

active and stable with a capacity retention of about 80% and 

85% after 3000 cycles, respectively.[69] TM oxides can also be 

modified with metals outside the group. The fabrication of 

Zinc tin oxide (ZTO) thin films with different Sn levels shows 

that with more Sn contents, the film resistivity gets higher (>1 

Ω cm) and the optical bandgap rises from 3.47 to 3.83 eV.[70] 

 

4.2 Second transition metal series 

4.2.1 Yttrium and Zirconium  

The elements of the second and third transition series 

generally are more stable in higher oxidation states than are 

the elements of the first series. In general, the atomic radius 

increases down a group, which leads to the ions of the second 

and third series being larger than are those in the first series.[35] 

Yttrium Oxides are found in gas sensing technologies,[71] 

detergents and pharmaceuticals industries.[72] and catalytic 

applications. A series of Y2O3 was prepared to catalyse 

dimethyl carbonate (DMC) synthesis. The catalyst calcined at 

750 °C, showed the best catalytic performance and possessed 

more moderate acidity and basicity sites, which could 

efficiently activate CO2 and CH3OH.[73] Zirconium Oxide 
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Doped with Hafnium Oxide by Hydrothermal Method.[74] In 

clean energy production, electrolytes of scandium-doped 

zirconia (SDZ) are preferred over those of yttria-stabilized 

zirconia (YSZ) due to better conductivity.[75]  

 

4.2.2 Niobium and Molybdenum  

The niobium oxides are relied on for their capability to act as 

strong support for other TMs most commonly for 

modifications for platinum.[76-79] Omidvar agrees that after 

testing NbO as support for Fe, Co, Ni, Cu, Rh, Pd, Ag, Ir, Pt, 

and Au, the Pt/NbO system shows the most potential for low-

cost and high catalytic activity for the oxygen activation 

reaction.[80] Unless combined with other elements, 

molybdenum oxide composites for fuel cell applications are 

not traceable as Mo is not considered to be catalytically active 

for oxygen reduction reaction (ORR) compared with other 

transition metals such as Fe and Co.[81] 

 

4.2.3 Technetium, Silver and Cadmium  

To the best of our knowledge, no oxides of technetium and 

silver have been fabricated nor studied for electrocatalytic 

material in fuel cells. Silver oxide is known to exhibit 

relatively mild cathode catalytic activity.[82] No oxides of 

cadmium as fuel cell catalyst materials were traced during this 

review. Properties of cadmium oxide thin films are rather 

desirable for semiconducting requirements in applications 

such as gas sensors, solar and photo-galvanic cells, 

phototransistors and diodes, transparent electrodes etc.[56,83,84] 

 

4.3 Third transition metal series 

4.3.1 Hafnium and Tantalum  

The physiochemical attributes of hafnium (HfO2) make it 

popular for various applications such Nafion-HfO2 hybrid 

membranes,[85] catalysts, gas sensors, and fuel cell electrolytes 

for solid oxide fuel cells.[86] photocatalyst for hydrogen and 

oxygen production from water[87] among others. In its 

elemental form, hafnium has a low work function (3.53 eV), 

high melting point, and acceptable electric and thermal 

conductivities.[88] Production of hydrogen fuel can therefore be 

achieved through modification of hafnium as HfO2 alone has 

a shortfall of low apparent bandgap energy compared to other 

hafnium compounds such as Hf2O(PO4)2.[87] Another 

disadvantage of hafnium oxides is that increase in number of 

deposits hinders the electron transfer through the ceria-based 

electrolytes in the anode.[89] Other modifications include 

nitrogen-modified hafnium oxyhydroxide which has been 

reported to be compatible with the commercial Pt/C as an 

active and stable electrocatalyst.[90] Studies show that the grain 

size can be minimized stabilization of the cubic structure can 

be achieved through doping hafnium with yttrium. From this, 

characterization revealed a spherical structure from hafnium 

oxide and a porous lamellar structure from yttrium oxide.[91] 

Doping of hafnium has seen more interest over untreated 

hafnium. For this reason, other studies have recently probed 

into undoped hafnium composites to better understand their 

morphological characteristics.[92] 

Ta2O5 thin film can be a promising replacement for Pt as a 

catalyst in aim of favouring the O2 reduction reaction in 

catalytic activity.[93] Utilizing highly dispersed and crystalline 

Ta2O5-modified CNTs as a support to stabilize Pt NPs shows 

that strengthening metal–support interactions at the atomic 

scale is an efficient strategy to realize Pt-based electrocatalysts 

with high durability and activity.[94] Tantalum oxide (Ta2O5) 

layer can also be used a hydrogen sensors.[95] Nanosized Pd 

particles are loaded onto the Ta2O5 surface enhances 

conductivity and electrocatalytic activity toward ethylene 

glycol oxidation reaction and are therefore suitable candidates 

for direct alcohol fuel cell applications.[96] 

 

4.3.2 Tungsten and Gold 

Tungsten oxides are one of the most commonly studied 

composites. Tungsten oxide forms part of affordable materials 

with good candidacy for electrode catalytic material in 

Microbial Fuel Cells. While the feasibility of employing 

PEMFCs in acidic applications has received criticism, WO3 

has received good reviews on the ability to meet both the 

necessary level of catalytic activity and the affordability 

aspect.[97] Das and Ghangrekar recently reported five times 

increment in power production from applying WO3 on both 

electrodes of microbial fuel cells. Pitted against the 

commercialized Pt/C, WO3 nano-particles have a potential to 

replace Pt/C.[98] Further alterations to the of WO3 structure 

(WO3/Bi2WO6) have reported even better power density and 

columbic efficiency performance.[99] Aside from replacing 

platinum based materials, structures of WOx have been 

reported to have a noticeable impact on the CO tolerance of 

Pt/C to overcome poisoning.[100] To the best of our knowledge, 

no gold oxide composites have been reported in recent years 

for fuel cell applications. 

 

4.4 Platinum group metals (PGMs) 

Platinum group metals, platinum, palladium, rhodium, 

ruthenium, iridium, and osmium, are known for their high 

melting points, heat resistance, corrosion resistances, and their 

unique catalytic properties.[101] Noble metals have a reputation 

for exceptional catalytic performance, unfortunately due to 

rarity and therefore cost this has proven to be impractical for 

mass production in efforts to aid in clean energy 

transformation. For this reason, precious metals, which exhibit 

similar behavioural properties to platinum, have been 

modified in varied ways to attempt the load reduction of the 

expensive materials.  

 

4.4.1 Platinum, Palladium and Rhodium  

Since platinum has been the ideal choice of material for 

catalyst, it is also relatively the most researched, studied and 

reviewed element from the transition metal series.[102-104] The 

majority of the work done is on modifications that enable 

longer lifespan or reducing the loading of the platinum 

materials. Adopting a non-TM oxide, Gonçalves et al. adopted 
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Sb2O3 in search of an electrocatalyst and non-enzymatic 

amperometric sensor for ethanol when modified by Pd 

nanoparticles. Post modification, morphological evaluations 

of Pd/Sb2O3 revealed change in shape from spherical shape to 

superficial pores and catalytic activity doubled in comparison 

with carbon-supported Pd nanoparticles for oxidation of 

ethanol in alkaline applications [105]. Composites of TM in 

combination with other materials that are not from the d-block 

can perform exceptionally well and even though the addition 

of carbon material have become a popular choice I the past 

years, non-carbonaceous materials still have a potential to 

compete.[105] Chung et al employed a cheaper material, 

molybdenum oxide as a modifier for Rhodium and reported 

exceptional yield rate and a high faradaic efficiency for 

nitrogen reduction reaction (NRR) applications.[106] The green 

energy production can also benefit from the fabrication of 

bimetallic materials. Chung et al. recently proved that 

Molybdenum oxide decorated on the rhodium (RhMoOx/C) 

catalyst can be applied for green ammonia (NH3) 

production.[106] 

 

4.4.2 Ruthenium, Iridium and Osmium  

The electrocatalytic properties of ruthenium is attractive to a 

wide range of applications. supported on ruthenium-titanium 

mixed oxide, the increasing growth of platinum particles does 

not favour catalytic activity due to poising and agglomeration 

of platinum of.[45] Iridium oxide compounds are used in anodes 

of polymer electrolyte membrane fuel cell to help prevent cell 

reversal.[107] Labi et al. also worked on a study to prevent 

potential reversal during the operation of a fuel cell. The Pt 

and IrOx/GV catalyst remained relatively stable when 

subjected to multiple short periods of fuel starvation. The 

IrOx/GV MEA was reversal tolerant and provided insight into 

the degradation processes which occur during periodic and 

prolonged fuel starvation [108] To the best of our knowledge, 

oxides of osmium are rather used in other metallic 

conductivity applications.[109] 

 

4.5 Transition metal oxides on carbon support 

A further degree of freedom, which can be used to tune the 

properties of thin films, is given by the possibility to combine 

more than one metallic species with oxygen [29] carbon and 

other materials supports in ternary or multiple oxides. 

Outstanding electrical conductivity, superior mechanical 

properties and reliable chemical stability are just a few of the 

great attributes of TM carbides and the carbon supports are 

explored in a wide range of forms, and this makes them a 

popular approach in catalytic supports. Oxide nanoparticles 

are grown on the surface of carbon nanotube, graphene oxide 

and graphene,[110] onto glassy carbon electrodes,[111,112] etc. 

From the early 2000s, when graphene was first discovered, 

carbon supported electrocatalysts have gained traction. Since 

then, many TM oxides supported on carbon have been 

explored for electrocatalysis. Askari et al. also fabricated a 

catalyst nanocomposite material on reduced graphene oxide 

(rGO) for a hybrid of MgCo2O4 in an effort to examine the 

suitability of MgCo2O4 as a binary TM oxide (BTMO) for fuel 

cell anode and MOR process applications. The study deduced 

that the synergic effect between Mg and Co ions and rGO 

creates an efficient ternary catalyst with high specific surface 

area, good conductivity, and excellent stability, which 

suggests MgCo2O4-rGO as a promising catalyst for the anode 

electrode of methanol fuel cells.[113] Similarly, Imran et al. 

made use of reduced graphene oxide (GO) as support for 

tungsten-molybdenum oxide to enhance strong interface 

interactions. Plenty more studies have chosen graphene route 

as a support for enhancement, among them, a new of PVDF-

Pt-Pd/rGO-CeO2 composite nanofibers which is considered a 

candidate as a novel direct methanol fuel cell (DMFC) 

catalytic application.[114]  

The commercial Pt/C has actually been outperformed by 

quite a number of new and developed materials over the years. 

Exploring the use of reduced graphene by modifying the 

carbon material to nanocomposites of polyaniline (PAni) 

grafted sulfonated graphene oxide (SGO), Papaya et al. have 

been able to realize this. Graphene oxide, which is usually 

relied on as a support on its own is further modified through a 

diazotization reaction to help promote active sites that 

heighten the opportunity for ORR. They report on a new 

transition bimetallic composite (Mn-Co) supported on SGO-

PAni as an effective cathode catalyst for the effective 

generation of bioelectricity. This novel composite is far cost 

effective and resulted in better power output and power 

density than Pt/C catalyst.[115] Among all of carbonic 

morphologies, graphene is the most promising one due to its 

unique properties. It has a very high surface area, as well as a 

very high electrical conductivity and improved stability. 3D 

structured such as Fe-WO3 nanoflower and reduced graphene 

oxide and their hybrids are common supports sort after, 

however, Maiti et al. criticizes that their catalytic performance 

is not efficient. The authors reported an outstanding catalytic 

performance, satisfying levels of methanol tolerance and 

outstanding durability from a three-dimensional (3D) iron 

tungsten oxide nanoflower anchored nitrogen-doped graphene 

(3D Fe-WO3 NF/NG) hybrid and concludes the that the 

material outperforms Pt/C.[116] 

Carbon nanotubes (CNTs) - graphene support is another 

route. The adoption of multi-walled carbon nanotube 

(MWCNT) supports has been reported to improve the activity, 

stability, and resistance of non-supported composites.[117] Sun 

and Liu fabricated Nano sized manganese oxide flakes on 

CNTs-graphene surfaces and recorded a far improved ORR 

activity in comparison to a bland CNTs composite.  The study 

explains that CNTs was found structurally defective and their 

outer walls suffered cracking into graphene nano pieces during 

processing, which further enhanced oxygen reductive reaction 

(ORR).[118] 

Other alternative carbon supports include the use of carbon 

black. Manganese oxides (β-MnO2/C(N)) supported on carbon 

black have been proven to have better electrical power density 
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and outstanding cycling stability as opposed to the commercial 

Pt/C and manganese oxide fabricated on undoped carbon 

black support (α-MnO2).[119] After studying iron oxides as part 

of a carbonaceous complex composite for fuel cell 

applications, the electrodeposition of three-dimensional 

nanoflower-like Fe2O3 and spherical shaped PdNPs on the g-

C3N4 nanosheets results in the composite graphitic carbon 

nitride/iron oxide/palladium nanoparticles (g-

C3N4/Fe2O3/PdNPs). The characterization of the material 

revealed remarkable durability when compared to commercial 

Pd/C suitable for direct alcohol fuel cell applications.[120] The 

use of Iridium oxide catalyst on graphitized vulcan (GV) black 

(56 wt% Ir) support can also improve the durability of a 

membrane electrode assembly (MEA).[108] 

 

5. Synthesis of transition metal oxide electrocatalyst 

The synthesis of electrocatalytic structures of TM oxides can 

take multiple routs depending on the desired final properties. 

Physical and chemical methods are the two primary classes. 

Chemical methods are further subdivided into gas and liquid 

phase and include chemical vapour deposition (CVD), plasma 

enhanced vapour deposition, atomic layer deposition (ALD), 

spin coating etc. physical means of fabrication are subdivided 

into evaporation and sputtering techniques and include 

electron beam evaporation, laser beam evaporation, pulsed 

laser deposition, direct current sputtering (DC sputtering) 

etc.[121-123]  

Where high aspect ratio is a requirement for deposition of 

complex oxide nanostructures atomic layer deposition has 

proven to be a favourable choice[49] over other synthesis 

techniques such as chemical vapour deposition (CVD), RF 

sputtering, pulsed laser deposition (PLD) and molecular beam 

epitaxy (MBE).[124] This is because ALD allows for a 

controlled coating with ultralow noble-metal loadings in 

narrow pores.[125] This nanotechnology synthesis method is 

popularly sort after for its ability to fabricate ultrathin, uniform, 

conformal and pinhole-free nano-films.[126] The use of ALD for 

the fabrication of vanadium oxides for energy storage 

applications has been highly recommended as it produces 

electrode materials with outstanding properties.[49] The 

technology also avails the possibility to adjust the operating 

parameters to better suit the desired materials output. 

Hexagonal nanomaterials and cubic CoO structures fabricated 

through ALD from CoCl2(TMEDA) and water as precursors 

can be tuned by temperature, water pulse lengths, and type of 

substrate material.[127] Although transition oxides prepared by 

ALD as electrodes have delivered remarkable properties for 

energy storage, Additional surface care may be necessary after 

ALD processing. Prasadam et al. discussed the need for post-

deposition treatment of vanadium oxide layers fabricated from 

ALD to ensure single crystalline phase is achieved.[49] Studies 

on the development of the technique has afforded clarity on 

continued ALD growth mechanisms and surface chemistry 

which eventually be able to contribute to the thin film growth 

processing.[128] 

Cheaper, quick and easy synthesis methods that can be 

employed include, but are not limited to selective 

electrochemical etching, which can be performed formed for 

materials that have a high affinity for oxygen such as 

chromium and molybdenum[129,130] and spin coating.[131] 

Similarly, Hernández et al. agrees that spin coating is an easy 

and dependable route for the evaluation of electrocatalytic 

behaviour of Mn oxide film in pre-synthesized water oxidation 

catalysts powders.[132] An investigation into the impact of the 

spin coating speed on physical properties of high quality 

titanium dioxide–graphene oxide (TiO2-GO) thin films 

reported that the deposited films show thinner layers and lower 

band gap energies with higher spin coating speeds and that an 

increase in the spin speed leads to a decrease in the 

transmission level.[133]  

 

6. Summary and outlook 

The adoption of metal oxide catalysts and catalysts support 

from the transition metal series are detailed in this review. 

Carbonaceous materials, as competing alternatives to 

transition metal oxides are summarized. Also detailed are 

some of the commonly utilized synthesis methods for 

fabricating these electrocatalytic films highlighting the 

importance of controlling the operating parameters. For 

instance, doping metal oxide such as zinc and cobalt and 

carefully controlling the parameters leads to the desired final 

properties. Transition metal oxides as electrode and catalytic 

material have held back the mass commercialization of fuel 

cells due to the devices requiring expensive materials such as 

platinum, palladium and metals alike. Recent work, however, 

shows that the inventions and modifications done on 

electrocatalytic material to overcome costs places the fuel cell 

technology as a feasible prospect to contribute towards 

combating carbon emissions. As supports, cost friendly 

elements such as nickel, cobalt and manganese can reduce the 

platinum loading and therefore reduce the costs, while also 

improving the overall activity and stability.  

The cost of platinum and platinum group metals have held 

back the mass commercialization of fuel cells for decades, 

however with new electrostatic material outperforming Pt/C, 

the obstacle is now a thing of the past. Inexpensive materials 

with high resistance to poisoning, activity and stability are a 

key qualification to replacing platinum and sufficient progress 

has been made in this regard. Spherical MoO3 fabricated on 

reduced graphene oxide surpasses the activity and durability 

of Pt/C and has better tolerance to CO. likewise, graphene (3D 

Fe-WO3 NF/NG) hybrid shows better methanol tolerance and 

outstanding durability compared to Pt/C. better electrical 

power density and cycling stability can also be achieved 

through the adoption of Manganese oxides supported on 

carbon black as opposed to Pt/C. In direct alcohol fuel cells, 

g-C3N4/Fe2O3/PdNPs report more durability when compared 

to commercial Pd/C. Also impressive is WO3 on both 

electrodes of microbial fuel cells which is a good candidate to 

replace Pt/C. 
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As alternatives to platinum, progress has been made on 

materials with compatible efficiency. Cobalt molybdenum 

oxide hydrate grown on nickel foam is comparable to Pt/C use 

in alkaline medium. Analysis of nitrogen-modified hafnium 

oxyhydroxide describes the catalyst as just as efficient in 

activity and stability. Ti0.8Ta0.2O2 composites in alkaline 

medium have similar activity in comparison to Pd/C catalyst. 

Carbonaceous supports a better choice to achieving enhancing 

properties. In a few cases, metal oxide supports can perform 

better than carbon, titanium oxide supports are a typical 

example. Catalysts fabricated by oxides of transition metals 

also outperform their pure state catalyst. For instance, ultrafine 

nanostructured-NiO performs better the non-modified Ni 

material. Transition metal oxides have the protentional to 

challenge the current limitations of fuel cell catalysis.  
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