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Abstract  

The potential for generating green hydrogen by electrolysis (water splitting) has resulted in a 

substantial amount of literature focusing on lowering the current production cost of hydrogen. A 

significant contributor to this high cost is the requirement for precious metals (namely Pt and Ir/Ru 

(oxides)) to catalyse the two main reactions involved in electrolysis: the hydrogen evolution 

reaction (HER) and the oxygen evolution reaction (OER). Herein we overview the current 

literature of non-precious metal HER and OER catalysts capable of efficient water splitting within 

a polymer electrolyte membrane (PEM) electrolyser, recording the activity and stability of each 

catalyst and allowing for direct comparison to be made. Additionally, we highlight the 

inapplicability of catalyst stability testing in many academic studies for commercial electrolyser 

applications and propose a universal stability-testing regime for HER and OER catalysts that more 

accurately mimics the conditions within an operating electrolyser. 

 

Highlights  

• Stability studies of cathodic catalysts don’t translate to commercial electrolysis 

• Anodic catalyst stability studies are more comprehensive for electrolysis operation 

• Stability of novel catalysts needs to be benchmarked against the optimal catalysts 

• Combining active and stable first row transition metals shows promising catalysis 

• A stability testing regime for proton exchange membrane electrolysis is proposed 
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Ti: Titanium   

TMC: Transition Metal Chalcogenide  

TMD: Transition Metal Dichalcogenide  

TMP: Transition Metal Phosphide  
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1. Introduction  

Green hydrogen gas is a promising vector for the storage and transportation of the energy generated 

from renewable sources due to its high energy density (140 MJ/kg), which exceeds that of current 

fuels, such as; coal (24 MJ/kg) and petrol (44 MJ/kg).[1] Hydrogen is mainly utilised in the 

chemical industry, where global production currently stands at 500 billion cubic meters (bm3) per 

annum.[2] Hydrogen can be produced by a variety of techniques such as natural gas reformation, 

coal or biomass gasification and electrolytic processes.[3] The generation of hydrogen via water 

splitting, within an electrolyser, is considered the “greenest” hydrogen production technique, as it 

does not produce any direct carbon emissions when powered by renewable sources such as wave, 

wind  and solar.[4-8]  

Electrolytic water splitting devices are categorized dependent upon their operating conditions, the 

most common variants being:[7, 8]  

• Alkaline water electrolysis (AWS) is electrolysis within an alkaline electrolyte using a 

diaphragm to separate product gases and to transport hydroxide ions (OH-). AWS typically 

operates at temperatures of 5-100°C[9], operating pressures of  25-30 bar, achieving current 

densities of up to 400 mA/cm2 and energy efficiencies up to 40%.[9-11]  

• Solid oxide electrolysers (SOE) use a solid oxide or ceramic electrolyte to generate 

hydrogen with a steam feedstock. SOE operate at high temperature (500-850°C), pressures 

of more than 50 bar, achieving current densities of more than 3 A cm-2 and energy 

efficiencies up to 50%.[12, 13] 

• Polymer electrolyte membrane (PEM) electrolysis occurs within an acidic electrolyte using 

a proton exchange membrane to transport protons (H+). PEM electrolysis operates at 

temperatures of 50-80°C, pressures of less than 30 bar, achieving current densities of above 

2 A cm-2 and energy efficiencies of 50-65%.[14] 

PEM electrolysis is the most promising electrolytic method for producing green hydrogen due to 

its high-energy efficiencies comparable to AWS and SOE. The achievable current densities in SOE 

are the highest of the water splitting devices; however, SOE is limited by poor catalyst stability 

and membrane degradation, given the nature of its operating conditions.[15, 16] PEM electrolysis 

allows for the generation of high purity hydrogen (up to 99.999 vol. %)[17-19] at high-pressures, 

which reduces the requirement for post-production gas compression.[20-22] For the reasons 
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highlighted above, the generation of hydrogen via PEM electrolysis is the most attractive 

technology for commercial applications. Note that whilst we acknowledge the presence of other 

essential components within a PEM electrolyser (i.e. gas diffusion layer, flow plates, etc) this 

manuscript solely focuses on anodic and cathodic catalyst materials for PEM electrolysis in acidic 

conditions. 

Electrolytic water splitting within a PEM electrolyser is made up of two half reactions (under 

standard conditions):  

The anodic reaction (oxidation) is the oxygen evolution reaction (OER):  

Eq.1                                       2𝐻2𝑂 (𝑙) → 𝑂2 (𝑔) + 4𝐻+ (𝑎𝑞) + 4𝑒−       Eo = + 1.23 V (vs. RHE) 

and the cathodic reaction (reduction) is the hydrogen evolution reaction (HER):  

Eq.2                                                 2𝐻+(𝑎𝑞) + 2𝑒− → 𝐻2(𝑔)                     Eo = 0.00 V (vs. RHE) 

where the overall water splitting (OWS) reaction is: 

Eq.3                                        2𝐻2𝑂 (𝑙) → 2𝐻2 (𝑔) + 𝑂2 (𝑔) (OWS)        Eo = + 1.23 V (vs. RHE) 

Any additional energy input over + 1.23 V that is required in order to induce water splitting is 

known as the overpotential (η) and represents the intrinsic thermodynamic inefficiency of a 

particular system.[23] The HER has a negligible activation energy whilst the OER has a large kinetic 

inhibition (large η) originating from a 4-electron proton coupled mechanism, as described by 

Eq.1.[24, 25] Hence, the development of effective OER electrocatalysts is critical given that the OER 

is the limiting factor to an electrolyser’s efficiency.[26]  

Only 4% of the global production of hydrogen is via electrolysis,[27-29] this is due to an absence of 

financial incentives to invest in “green” hydrogen energy from renewables, given that it is 

considerably more expensive than its fossil fuel counterparts to produce. For example, the cost to 

produce 1kg of hydrogen using grid electricity is currently £11.40,[30] whereas, the cost to produce 

1 gallon of diesel is £4.47. In automotive terms, 1kg of hydrogen is roughly equivalent in mileage 

to 1 gallon of diesel.[31] The above costs include capital and operating expenses. The high cost 

associated with hydrogen generation via PEM electrolysis is partly due to the expensive 

components utilized, such as the membrane electrode assembly (MEA), which accounts for 24% 

of the overall electrolyser cost.[28] The MEA contains low earth abundant precious metals, namely 
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Pt and Ir, that are required to efficiently catalyse the HER and OER.[32-35] It is important to note 

that the price of pure Pt metal has increased from £10.58 to £28.23 per gram in the last 20 years.[36] 

Similarly, the price of pure Ir metal has increased from £11.11 to £58.22 per gram in the last 20 

years.[37] The trend of increasing price of Pt and Ir is set to continue over the coming years, as more 

resources are used up.[38] Hydrogen produced utilising electrolyser technologies containing these 

precious metals will likely experience a corresponding price increase. The transition from precious 

to non-precious metal (NPM) based catalyst layers within the MEA is therefore key to reducing 

the overall cost of PEM electrolyser technologies, however, achieving suitable stability of these 

materials in an acidic electrolyte remains a challenge.[39, 40]  

Given the aim of reducing the cost of hydrogen production via PEM electrolysis, researchers have 

attempted to produce NPM catalysts capable of efficient water splitting. In order for NPMs to have 

the potential of replacing precious metal catalysts, within a commercial electrolyser, they need to 

exhibit low overpotentials towards the HER or the OER and achieve high current densities in acidic 

conditions. Enhancing the lifetime of the PEM cell and stack is critical to commercial 

implementation; therefore, the catalyst materials must also show excellent stability and corrosion 

resistance in acidic media. This paper will provide a detailed overview of the currently available 

literature regarding NPM catalysts for use as the cathodic and anodic materials within PEM 

electrolysers.  
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2. Overview of the Activity and Stability of HER Electrocatalysts  

Presently, platinum (Pt) or Pt based electrocatalysts exhibit optimal electrochemical activity 

towards the hydrogen evolution reaction (HER), however long term application within commercial 

electrolysers is limited by high cost and low earth abundance.[41-53] Below we present an overview 

of NPM cathodic catalysts that exhibit excellent activity towards the HER. The potential for 

scalability within NPM catalysts is dependent on the loading of the catalyst material, where a 

higher mass loading may reach a plateau with precious metal catalysts in regards to activity, but 

would result in inflated overhead and material costs. The activity per unit mass (or mass activity) 

is therefore a critical metric to assessing a NPM catalysts feasibility for use within commercial 

PEM electrolysis.[54] Typical loading of commercial Pt/C on the cathode of a PEM electrolyser is 

0.5–1.0 mgPt cm−2, where the mass activity of Pt/C is ca. 0.27 A mg−1 at 50 mV (vs. RHE).[55-57] 

The stability of each HER catalyst in acidic conditions will be discussed and referenced to the 

benchmark stability of Pt/C, which remains stable for 50 hours during chronopotentiometry 

measurements at − 10 mA cm-2.[58] Note, that a commercial PEM electrolyser has been quoted to 

exhibit a lifetime of up to 60000 h with no decay in cell voltage.[59, 60] The outlook regarding the 

decline in PEM electrolyser performance is currently focused on catalyst degradation at the anode, 

however these degradation mechanisms are poorly understood.[60, 61] Brightman and co-workers[62] 

have demonstrated that changes in the electrochemically active surface area (ECSA) and 

degradation of the Pt cathode results from power cycling in a PEM electrolyser, which is thought 

to have a more significant effect on the performance of a PEM electrolyser than initially thought. 

Thus, it is critical that studies of HER catalysts include extensive stability reports. Within this 

study we are addressing ways in which laboratory scale electrochemical techniques can assess the 

suitability of a catalyst for commercial PEM electrolysis.  ESI Table 1 outlines the current optimal 

HER electrocatalysts, with Figure 1 displaying the HER onset potential (V vs. RHE) vs. current 

density at − 150mV (mA cm−2) for the catalysts highlighted within this table. The HER onset is 

determined as the potential at which the Faradaic current commences, which is signified by the 

observed current deviating from the background current by the value of − 25 µA cm–2.[63]  
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Figure 1 Graphical overview of optimal performing catalysts towards the hydrogen evolution 

reaction (HER) in acidic media; HER onset potential (V vs. RHE) against the current density (mA 

cm−2). Note that the current density is the value taken at − 150 mV as is common within literature. 

Inset exhibits the optimal HER activity of Pt and Pt/C for comparison 

       2.1 Transition metal dichalcogenides (TMD’s)  

In recent years, transition metal dichalcogenides (TMD’s) such as MoS2,
[42, 64] MoSe2,

[44, 65]                   

WS2
[66, 67] and WSe2

[44, 68] have been shown to be promising cathodic materials to act as HER 

catalysts. A TMD nanosheet consists of two layers of chalcogens surrounding a single plane of a 

transition metal, where multiple layers are bonded by out-of-plane Van Der Waals interactions.[53] 

TMD’s contain two anisotropic planes: the relatively inert basal planes, and the highly active edge 

planes, which exhibit a fast rate of heterogeneous electron transfer (HET).[69] An example of the 

use of a TMD towards the HER is a study by Wang et al.[70] who electrochemically tuned 2H-

MoS2 with Li via a lithiation reaction, with sulfonated MoS2 (S-MoS2) conducting Li 

electrochemical intercalation. This resulted in a layer exfoliation and 2H to + 1T phase conversion 

(semi conducting to metallic). Li-MoS2 was chemically deposited onto carbon fibre paper and 

exhibited a HER onset potential of ca. − 0.10 V (vs. RHE). For comparison, the optimal 

polycrystalline Pt electrode exhibits a HER onset potential of − 0.01 V (vs. RHE).[71] The 1T phase 

of MoS2 possesses a larger number of active sites compared to the 2H phase, which results in a 

higher charge transfer rate. Due to the metallic character in the partially filled d-band the 1T phase 
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is 107 times more conductive than the 2H phase.[72] Increasing the ECSA of the electrode by 

reducing the size of the deposited nanoparticles also enhances conductivity and allows for stronger 

interactions. The 1T phase of Li-MoS2 exhibits high achievable current densities of − 200 mA 

cm−2 at η= 200 mV; and exhibits a mass activity of 0.20 A mg-1 at 0.1 V (vs. RHE), which is 

nearing the mass activity of commercial Pt/C (0.27 A mg-1 at 0.05 V (vs. RHE)).[73, 74] However, 

there is insufficient stability data to conclude the suitability of the material within a PEM 

electrolyser. A small potential window between + 0.1 to − 0.2 V (vs. RHE) was used to assess the 

variance in HER onset potential over 7000 cycles. This is not representative of the measured cell 

voltage of an operating PEM cell using benchmark Pt/C and Ir catalyst materials, which can be 

between + 1.4 and + 2.0 V.[75] When assessing catalysts, the complete potential range of a PEM 

electrolyser must be taken into account. This is due to the process of passivity, where corrosion of 

the catalyst layers during periods of electrolyser inactivity, or during cell operation, can lead to 

oxidative conditions within the cathodic catalyst layer.[76] Wang and co-workers[70] carried out 

potentiostatic measurements at a η= 118 mV (vs. RHE) which reflected little variation in the 

current density (ca. − 10 mA cm−2) over a 2 hour duration. The duration of this stability 

measurement is too short when compared against the benchmark stability of the Pt/C catalyst, 

which remains stable for more than 50 hours within the same conditions. Additionally, PEM 

electrolysers quote a stack lifetime of between 20000-60000 hours,[77] therefore more information 

must be provided regarding the stability of this HER catalyst. 

The HER catalysis of TMD’s can also be optimised by hybridisation with a graphitic material such 

as graphene and carbon nanotubes. Introducing graphitic additives is a method of increasing the 

number of electronic conductive pathways and therefore the conductivity of a material.[78] Doping 

TMD’s with transition metals increases electron density at the electrocatalytic active sites, and 

thus facilitates electron transfer at the edge planes.[79] Guo et al.[80] enhanced the catalysis and 

conductivity of MoS2 with Vanadium and Nitrogen dopants and reduced graphene oxide (rGO), 

respectively: V, N-MoS2/rGO. The V, N-MoS2/rGO composite was synthesized via a solvothermal 

method, which increased the number of defect sites on the basal and edge planes. A HER onset 

potential of − 0.03 V (vs. RHE) was reported by the V, N-MoS2/rGO suggesting excellent HER 

kinetics. The V, N-MoS2/rGO also displays a high achievable current density of − 100 mA cm−2 

at an overpotential of ca. 160 mV, however there is no statement of mass activity, hence there is 

no defining activity metric to assess whether the V, N-MoS2/rGO is a feasible cathodic alternative 
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to commercial Pt/C within a PEM electrolyser. Note that previous reports have stated the mass 

activity of MoS2/rGO to be 0.085 A mg-1 at 0.1 V (vs. RHE)[81, 82] Chronoamperometric 

measurements at η= 90 mV (vs. RHE) for 20h exhibits no variation in a current density of − 20 

mA cm−2. The absence of any long-term stability data involving TMD’s is likely a result of their 

instability within aqueous solutions, over a large pH range. The suitability of any MoS2 containing 

materials for PEM electrolysis is highly unlikely given the formation of oxidative defects, in the 

form of MoO3, on the surface of MoS2 nanosheets when in the presence of water.[83]  

It is also common to hybridise MoSe2 with graphene additives.[84, 85] Certain studies have 

highlighted that MoSe2 expresses the smallest band gap of all TMD’s and therefore exhibits the 

best conductivity, where direct bandgaps of 1.88, 1.57, 2.03 and 1.67 eV relate to MoS2, MoSe2, 

WS2 and WSe2.
[86]

 Tang et al.[87] hydrothermally prepared MoSe2 nanosheets and MoSe2/rGO 

which exhibited HER onset potentials of − 0.15 and − 0.05 V (vs. RHE), respectively. The HER 

onset potential exhibited by the MoSe2/rGO hybrid is stated as an improvement on its MoS2 

counterpart, where a comparative study displays a HER onset potential of − 0.08 V (vs. RHE) for 

its MoS2/rGO hybrid.[82] Additionally, the previously reported values of 0.085 and 0.14 A g-1 for 

the mass activity of MoS2/rGO and MoSe2/rGO at 0.1 V (vs. RHE) demonstrates that MoSe2 

exhibits superior HER catalysis (Note: the mass activity of MoSe2 is still not competitive with 

commercial Pt/C).[88, 89] This is explained by density functional theory (DFT) calculations for 

Gibbs free energy for hydrogen absorption (ΔG0
H) at different H+ surface coverages on each TMD 

nanosheet. A proficient HER catalyst such as Pt will exhibit a ΔG0
H value close to the 

thermoneutral value (ΔG0
H = 0).[90] Values of − 0.14 and − 0.23 eV, are expressed by MoSe2 at 

75% H+ surface coverage and MoS2 at 50% H+ surface coverage, respectively. Note that the values 

of ΔG0
H for MoSe2 and MoS2 stated within this study were those that were closest to the 

thermoneutral value. Tang and coworkers probed the stability of their MoSe2/rGO catalyst 

deposited on fluorine doped tin oxide (FTO) using chronoamperometry measurements at 200 mV, 

where a slight degradation in current density from ca. 13.0 to ca. 12.5 mA cm-2 was observed over 

a 2 hour duration. It should be noted that displaying a catalyst stability study for a duration of 2 

hours is not sufficient to conclude that a catalyst displays efficient HER catalysis. Therefore, it is 

not appropriate to conclude that the MoSe2/rGO catalyst utilised within this study is applicable to 

commercial PEM electrolysis given that the benchmark Pt/C catalyst remains stable for up to 50 

hours.[91]  
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2.2 Metal organic framework derivatives      

Metal organic frameworks (MOF’s) are typically organic/inorganic porous materials composed of 

grouped or ungrouped metal centres bound to organic ligands to exhibit a crystalline 

morphology.[92] The HER catalysis displayed by MOF’s is determined by a number of factors. The 

highly porous nature of MOF’s results in surface roughness and therefore a high number of 

exposed active sites and enhanced heterogeneous electron transfer (HET). The HET process occurs 

at the triple phase boundary, which comprises of the electrolyte, catalyst phases and gaseous 

species within a PEM electrolyser.[93] Porosity also results in a large ECSA, which allows for the 

significant interface between the electrolyte and catalyst surface. Surface porosity plays a 

significant role in the nature of hydrogen adsorption and desorption, where stronger proton 

adsorption leads to a faster supply of protons, but can also lead to slow release of hydrogen from 

active sites, hence poor HER kinetics. The porosity of MOF’s may be tuned to achieve balanced 

adsorption/desorption behaviours. The nature of adsorption and desorption is dependent on the 

interaction between unfilled d orbitals of the transition metal and s orbitals of hydrogen.[94] MOF’s 

possess compositional flexibility, where the transition metal d orbitals can be tuned to increase 

electron density and enhance the HER activity.[95] Pristine MOF’s often suffer from poor 

conductivity and high charge transfer resistance. This can be mitigated by anchoring MOF’s to 

carbon supports, which can significantly improve catalytic activity by increasing the number of 

electron conductive pathways.[96, 97] Zhu et al.[98] developed a cobalt embedded nitrogen graphene 

aerogel (Co-N-GA) whilst they controlled the porosity by confining the growth of MOF’s within 

the graphene aerogel. The Co-N-GA exhibits excellent catalysis towards the HER with a HER 

onset potential of ca. − 0.03 (vs. RHE), nearly matching the activity of Pt/C. The graphene aerogel 

and pristine MOF exhibit negligible HER activity, suggesting that the excellent performance of 

Co-N-GA is a result of the Co embedded in the few layered N-doped carbon aerogel. The 

optimized porosity of the Co-N-GA achieved by etching and hydrothermal treatment also 

contributed to the excellent HER catalysis. The Co-N-GA displays good achievable current 

density, reaching − 100 mA cm−2 at η= 183 mV. The suitability of Co-N-GA within PEM 

electrolysers relies on its mass activity and stability within acidic media. The mass activity of the 

Co-N-GA is not reported within the study and there is no data within the literature regarding a 

comparable HER catalyst within acidic media. This metric should be considered in future studies 
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utilising this catalyst. Promising stability data is offered within the study where 

chronoamperometry at − 0.11 V (vs. RHE) does not alter the current density at − 45 mA cm−2. 

However, there is no evidence of the Co-N-GA’s corrosion resistance over a longer duration than 

5000s. Given that the HER activity of this catalyst is benchmarked against Pt/C, the stability must 

also be referenced to Pt/C. The absence of long-term stability data is likely a result of the instability 

of the GA component in acidic conditions, as literature suggests that graphene degrades with 

prolonged exposure to water, and low pH conditions.[99-101]   

Isolated metal atoms (Ni, Fe and Co) have previously demonstrated proficient electrochemical 

activity towards the HER, due to their low coordination and unsaturated atoms functioning as 

active sites.[102] Fan et al.[103] developed an activated-Ni-carbon (A-Ni-C) catalyst, by carbonising 

an Ni-MOF precursor at 700℃ to obtain Ni@C, where HCl leaching was repeated to dissolve 

exposed Ni metal. A constant potential was applied to activate the catalysts (shown in Figure 2(A)). 

The A-Ni-C catalyst displays a HER onset potential of − 0.03 V (vs. RHE) and achieves a current 

density of − 100 mA cm−2 at η= 112 mV as shown in Figure 2(B). There is no data on the mass 

activity of the A-Ni-C, however Xue et al.[104] anchored zero valence single Ni atoms on 

graphdiyne which exhibited a mass activity of 16.6 A mg–1 at 0.2 V (vs. RHE), which is 7.19 times 

higher than Pt/C (2.31 A mg–1). The excellent catalysis and conductivity of the A-Ni-C is attributed 

to the synergistic electrical charge transfer between catalytic active sites and the underlying 

graphitic carbon. Figure 2(C) displays a HAADF STEM image of A-Ni-C where atomically 

isolated Ni species (marked by white circles) are dispersed on the partially graphitized carbon 

support, with 78% of the Ni species being isolated as single atoms. Figure 2(D) shows constant-

potential activation at η= 200 mV to drive hydrogen bubble production upon the surface of A-Ni–

C modified GC electrodes. Chronoamperometric measurements at η = 45 mV revealed fluctuating 

current deviation during 25 hour measurements. The current density undergoes an increase at 11 

hours to ca. − 14 mA cm−2, which is due to catalyst activation. Consequently, the stability of the 

active catalyst is only tested for 14 hours. The absence of a long-term stability study is likely a 

result of the instability of metallic Ni in acidic conditions. Ni undergoes very fast dissolution in 

weakly acidic solutions when exposed to normal operating temperatures of a PEM cell. In the 

temperature range 65-75°C, full nickel dissolution is likely achieved in less than 200 minutes.[105] 

The thermal and acidic instability of single atom Ni make it unsuitable for cathodic application 

within a PEM electrolyser. Similarly, Co and Fe dissolve in 0.5 M H2SO4 under thermal and 
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potential control, however, corrosion of these metal atoms may be inhibited by alloying with metal 

ions such as Zn2+ and Mn2+.[106, 107] The dissolution of metal ions in acidic conditions is inhibited 

by the strong adsorption of Zn2+ and Mn2+ onto the primary metal surface, the primary metals being 

Ni, Co or Fe. When Zn2+ and Mn2+ are deposited onto the surface of the primary metal, they 

increase the potential at which dissolution occurs, because they exhibit less electronegative HER 

onset potentials compared to Ni, Co or Fe. This method is called under potential deposition, and 

has beneficial effects on the stability of a catalyst, however leads to the increase in onset potential 

of the HER and OER.[108]  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 (A) Schematic diagram of synthesis and activation process of the Ni–C catalysts. (B) 

LSV curves of HCl-Ni@C, A-Ni–C and Pt/C in 0.5 M H2SO4 (C) Subångström resolution 

HAADF STEM image of A-Ni–C. The circles are drawn around isolated Ni atoms. Scale bar, 

3 nm. Inset of b; the size distribution figure, which is based on >120 observed Ni species counted 

from high-magnification images (recorded at 4 × original magnification). (D) Hydrogen bubbles 

driven at η= 100 mV at GC electrodes postactivation (potential activation at η= 200 mV for 
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different times: 0, 5, 30, 60 and 120 mins). All the digital photos were taken when the cell was 

supplied η= 100 mV  for 20 s. Adapted with permission from ref.[103]  

2.3 Transition metal phosphides (TMP’s)   

The study of transition metal phosphides (TMP’s) as active and stable cathodic materials has led 

to interesting discoveries about the nature of catalysis within transition metals and the electro 

kinetic contribution of phosphide ions. First row transition metals typically follow the trend of Mn 

< Fe < Co < Ni in regards to their electrochemical performance towards the HER; however, the 

trend is reversed when we consider the stability of the monometallic ion in acidic media.[109] The 

phase space of TMP’s has brought attention to their performance as catalysts for the HER, given 

that variation of phase and crystal structure of the transition metal results in different properties. 

For example iron phosphides, FeP, Fe2P and Fe3P all exhibit different catalytic activity and  

stability in acidic media.[110] The crystal systems of FeP, Fe2P and Fe3P are orthorhombic, 

hexagonal and tetragonal, respectively.[111-113] Fe3P is made up of the weakest covalent bonds in 

the ferric species but exhibits the strongest ionic interactions, largest metallicity and contains the 

largest number of Fe-Fe interactions. Exposed stepped surfaces of 3-fold Fe and Fe-Fe bridge sites 

are thought to exhibit affinity for H+ ions, where Fe-P sites result in weaker adsorption of H+ 

ions.[114] Similarly to the iron phosphides, Ni-Ni interactions are responsible for strong hydrogen 

absorption, whereas Ni-P interactions exhibit weaker H+ affinity. An increase in the transition 

metal content leads to pronounced d-band character across the fermi level,[115] which results in 

advantageous adsorption/desorption behaviours, larger areas of electron density and a higher 

number of active sites within the compound.[116] Moon et al.[117] demonstrated that the Ni2P crystal 

is made up of two types of Ni and P site, denoted in Figure 3(A) as Ni (I), Ni (II), P (I) and P (II). 

Figure 3(B) exhibits two types of supercell models. The first model displays exposed Ni3P2 upon 

the (0 0 1) surface and the second exposed Ni3P upon the (0 0 2) surface. The density of state 

(DOS) for the supercell models of Ni2P informs us how developed the d-band is across the fermi 

level, where a higher DOS relates to significant adsorbent interaction, hence a lower activation 

barrier for the HER. The DOS of each Ni2P surface is exhibited in Figure 3(C) where the (0 0 1) 

surface is closer to the fermi level. The Ni2P synthesized by the ligand stabilization method exhibits 

excellent electrochemical performance towards the HER with a HER onset potential of − 0.03 V 

(vs. RHE), which is comparable to the HER onset potential of the optimal Pt/C electrocatalyst. The 

HER activity of Ni2P remains unchanged after 500 cycles (Shown in Figure 3(D)). Cyclic 
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voltammetry (CV) is repeated over a number of cycles to evaluate whether the onset potential has 

diminished over the course of repeat Faradaic processes. The onset potentials of catalysts are 

typically assessed by CV up to 10,000 cycles,[118-120] therefore, 500 CV cycles is not sufficient to 

assess the longevity of a catalysts onset potential. The corrosion resistance and stability of the Ni2P 

catalyst is not displayed within the study with no chronopotentiometric data to assess long-term 

durability. Transition metals alloyed with P show reduced metal dissolution in acidic media, as it 

is less thermodynamically favoured. Ni2P with a phosphorus content of ~30% P exhibits excellent 

corrosion resistance, making it more suitable as a cathodic catalyst layer within a PEM 

electrolyser; whereas, phosphorus content of ~15% P in a TMP is unsuitable, as stability and PEM 

cell lifetime would be reduced.[76] However, higher P content can also lead to the restriction of 

electron delocalization in the transition metal, hence reducing the conductivity and the HER 

catalysis.[121]  

 

Wang et al.[122] electrodeposited NiP on carbon fibre paper (CP) which displayed an overpotential 

of 18 mV in 0.5 M H2SO4. The CP@Ni-P remained stable after 150 hours of chronopotentiometry 

at − 10 mA cm-2 in acidic conditions. XPS conducted before and after the stability measurement 

showed that, the major phase of the CP@Ni-P catalyst was Ni5P4 with minor contributions from 

Ni2P and NiP2. This is a prime example of how a higher P content can lead to excellent durability. 

It is also an example of how X-ray photoelectron spectroscopy (XPS) can be used to analyse the 

composition of samples after long duration stability testing, where major phases responsible for 

specific properties, such as stability, may be quantified. This information can then be used to 

further tune the properties of a catalyst. Note: the mass activity data regarding the use of TMP’s 

towards the HER in acidic conditions is sparse and inconsistent within the literature, in terms of 

the potential at which the mass activity is determined, therefore is not representative of TMP’s this 

reported manuscript.[123-125]  
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Figure 3 (A) Unit cell of Ni2P (B) supercell models of Ni2P (0 0 1) and (0 0 2) surfaces (C) 

Calculated density of state (DOS) of Ni2P unit cell and Ni2P supercell exposed both (0 0 1) and 

(0 0 2) surface. (D) Polarization curves of the HER before and after the acceleration durability test 

(ADT) for 500 cycles. All measurements were carried out in 0.5 M H2SO4 at room temperature 

and compensated for an ohmic loss.  Adapted with permission from ref.[117]  
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3. Overview of the Activity and Stability of OER Electrocatalysts     

Electrolytic water splitting is limited by the slow kinetics of the 4-electron coupled mechanism of 

the OER (shown in Eq.1) and therefore requires an efficient catalyst, which typically comprises of 

Ir and Ru oxides.[32, 126, 127] In recent years, there has been a lot of research highlighting the 

excellent performance of OER catalysts in alkaline conditions, however these catalysts tend to be 

highly unstable in an acidic environment. The anchoring of OER catalysts to carbonaceous 

supports, as is common within HER studies, is not applicable for research of anodic catalysts 

within PEM electrolysers, where high oxidation potentials lead to the formation of oxide films at 

the anode and corrosion of carbon materials..[128-131]  

This section will focus on anodic NPMs that exhibit low OER onset potentials and high achievable 

current densities. The majority of studies do not include the crucial activity metric of mass activity, 

however where possible the mass activity of specific NPM OER catalysts will be compared against 

that of IrO2 (ca. 0.30 A g-1 at 1.52 V (vs. RHE)).[132, 133] The acidic environment (pH 0-3) created 

by the sulfonated Nafion™ membrane within a PEM cell demands the use of corrosion-resistant 

catalysts, therefore the OER materials will be evaluated based on their stability within acidic 

conditions. Stability testing regimes for precious metal containing OER catalysts such as IrO2, 

have included chronopotentiometry measurements of up to 200 h, where the catalyst remains stable 

at a current density of 28 mA cm-2 when deposited on a rotating disk electrode (RDE). Note, that 

when the catalysts are deposited on an MEA and their stability measured in a PEM electrolyser 

test unit, the duration they remain stable for during chronopotentiometric experiments will be 

increased (ca. 60,000 h).[57, 59, 60] However, the purpose of this study is to provide insight into how 

laboratory scale electrochemical techniques can be translated to commercial PEM electrolyser 

applications in the absence of such PEM electrolyser test units. Finally, there will be an overview 

of promising non-carbon supports for the anchoring of catalytic materials, which make up the 

anodic catalyst layer within a PEM cell. ESI Table 2 is an overview of recently studied optimal 

catalysts towards the OER in acidic media, where Figure 4 is a corresponding plot exhibiting the 

OER onset potential (V vs. RHE) against the over potential required to reach + 10 mA cm−2. The 

OER onset is determined as the potential at which the Faradaic current commences, which is 

signified by the observed current deviating from the background current by the value of + 25 µA 

cm–2.[63]  
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Figure 4 Graphical overview of optimal performing catalysts towards the oxygen evolution 

reaction (OER) within acidic media; OER onset potential (V vs. RHE) against the over potential 

or ƞ (V) required to reach + 10 mA cm−2. Optimal OER activity region occupied by IrO2 shown 

for comparison.   

 

3.1 Unary metal oxides  

Unary metal oxides such as MnOx, FeOx, CoOx and NiOx have received considerable attention due 

to them being materials that show corrosion-resistant properties and good OER activity in acidic 

conditions. The stability of these oxides increases across the first row of transition metals (Ni to 

Mn), due an increase in the metal-oxygen bond strength, defining MnOx as a highly stable material 

within low pH electrolytes.[134] However, the stability observed for MnOx comes at the cost of 

reduced OER activity, being that four adjacent MnIII sites are required to produce two MnIV sites 

(the phase required for oxygen bonding).[135] The small probability of coordinating four grouped 

MnIII sites results in a material that exhibits poor OER activity in acidic media. Conversely, OER 

activity increases moving across the first row of the transition metals (Mn to Ni), owing to a 

weakening of the metal-oxygen interactions, which also results in reduced corrosion resistance. 

This activity trend is best described by the Sabatier principle, where the surface metal cations (M) 
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are the active sites for the OER. The principle states that catalysts with optimal M-O bond strength 

exhibit the best OER catalysis, whereas ‘too strong’ or ‘too weak’ M-O interactions lead to reduced 

OER activity. The OER proceeds with the following M-O bond intermediates: M-OH, M-O, M-

OOH and M-OO.[136] McCrory et al.[126] benchmarked the performance of mixed metal oxides and 

unary metal oxides in 1 M H2SO4 based on OER activity, stability, ECSA and Faradaic efficiency. 

IrOx, NiOx, CoOx, CoOx
*, NiCuOx, NiCoOx, NiFeOx and CoFeOx were electrodeposited in varying 

mass incorporations separately upon glassy carbon (GC) electrodes and then explored towards the 

OER. All materials exhibited similar catalytic activity in acidic media, where the lowest over-

potentials to reach + 10 mA cm−2 were exhibited by CoOx* and CoFeOx (η= ~700 mV (vs. SCE)). 

The mass activities of the unary metal oxides are not reported within this study. However, literature 

mass activity values of 0.11, 0.04, 0.03 and 0.12 A g-1 correspond to CoOx, NiOx, FeOx and 

CoFeOx, respectively.[137] These values coincide with the findings by McCrory and co-workers 

given that CoOx and CoFeOx exhibit mass activities closest to that of IrO2 (ca. 0.30 A g-1). The 

mass activity values exhibited by the metal oxides are not competitive with IrO2, however financial 

incentives to implement these catalysts within the anode of PEM electrolysers could arise from the 

low cost of raw Co, Fe and Ni metal (< £0.05 g-1)[138] compared to the high cost of pure Ir metal 

(ca. £58.00 g-1).[37] Only IrOx exhibited stability in acidic conditions. The instability of each 

electrodeposited non-noble catalyst was outlined by cycling for 2 hours under oxidative conditions, 

given that all materials exhibited similar catalytic performance to the GC support. The observed 

instability arises when basic metal oxides come into contact with strong acids, protonation occurs 

throughout the metal oxide framework, resulting in weak M-O interactions.[139] The strongly acidic 

1 M H2SO4 electrolyte is rarely used in catalysis studies and is likely not representative of the pH 

conditions within a PEM electrolyser. However, various studies have highlighted the instability of 

unary metal oxides in higher pH ranges of 2-3, in which certain mixed metal oxides exhibit 

stability.[134, 135, 140, 141]  

Huynh et al.[142] designed a number of electrochemically active and acid-stable earth catalysts 

supported on FTO. Figure 5(A) depicts how Huynh and coworkers used the chemistry of unary 

metal oxides to synthesize composites that used MnOx and PbOx as stabilising elemental influences 

on highly active Co centres. Tafel analysis in 100 mM Phosphate & 1 M KNO3 (pH 2.5) for the 

unary metal oxides CoOx, FeOx, MnOx, PbOx and IrOx yielded values of 82, 51, 650, 121 and                   

32 mV dec−1, respectively. It is important to observe the stabilizing effects of unary metal oxides 
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within mixed metal oxide films as a control. Mixed CoMnOx films electrodeposited at three 

different potentials (shown in Figure 5(B)) exhibit Tafel values similar to that of CoOx at ~83 mV 

dec−1, displaying no variation in OER activity. Pb was substituted for Mn as the structural element 

within the mixed metal oxides, where a Tafel value of ~72 mV dec−1 was observed for CoPbOx. 

The presence of Mn and Pb in the composites provides a structural framework that prevents the 

reduction of the catalytic active sites through the elimination of O2, which would lead to M-O bond 

weakening. Instead, the elements that provide structural frameworks are oxidised to more stable 

forms i.e. PbOx →  PbO2, hence providing a more corrosion resistant composite.[141] 

Chronopotentiometry was used to evaluate the long-term acid stability of the materials. For the 

OER at 0.1 mA cm−2 (shown in Figure 5(C)), CoMnOx electrodeposited at + 0.90 V exhibited an 

OER potential of + 1.5 V (vs. NHE) remaining undissolved after 12 hours, compared to + 2.0 V 

(vs. NHE) for MnOx, remaining stable after 12 hours. Chronopotentiometry at + 1.0 mA cm−2 was 

used to further assess the stability of the mixed metal oxides (shown in Figure 5(C)), where 

CoMnOx electrodeposited at + 0.90 V dissolved after 30 mins. However, PbOx demonstrated long 

term acidic stability at + 2.9 V (vs. NHE) for over 12h. The stabilizing role of unary metal oxides 

such as PbOx and MnOx within mixed metal oxides is evident and present a promising method for 

enhancing the stability of active transition metals.  
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Figure 5 (A) Content overview outlining how properties such as activity and stability of the 

abundant non-precious metals Co, Mn, Pb and Fe can be combined to result in a proficient OER 

catalyst (B) Electrochemical stability for acidic OER measured by sustained chronopotentiometry at: 

0.1 mA cm−2 in pH 2.5 Pi for CoMnOx deposited at 0.65 (light green ), 0.90 (dark green ), and 1.15 

V (cyan ) with CoOx (red ), NiOx (light magenta ), MnOx (blue ), IrOx (purple ), and FTO 

(grey ). Then, 1.0 mA cm−2 in pH 2.5 Pi for CoPbOx (light green ) and CoFePbOx (dark green 

) with CoFeOx (orange ), CoOx (red ), and PbOx (brown ) (C) Tafel plots for CoMnOx in 0.10 M 

Pi and 1.0 M KNO3 at pH 2.5: CoMnOx deposited at 0.90 (dark green ), 0.65 (light green ), and 1.15 

V (cyan ), CoOx (red ), MnOx (blue ), and IrOx (purple ). Then, pH 2.5 for CoPbOx (light green ) 

and CoFePbOx (dark green ), CoFeOx (orange ) and PbOx (brown ) Adapted with permission from 

ref.[141]  

3.2 Mixed metal oxides    

It is clear that structural unary metal oxides enhance the stability of Co containing mixed metal 

oxide films. Huynh et al[141] demonstrated that the addition of structural oxides PbOx and MnOx 
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into active Co centres did not result in reduced OER catalysis. Huynh and co-workers deposited 

Pb ions in unison with CoFeOx films to result in a CoFePbOx composite that exhibited the optimal 

Tafel value of ~70 mV dec−1 (shown in Figure 5(B)). Chronopotentiometry at + 1.0 mA cm−2 was 

used to assess the stability of the CoFePbOx mixed film (shown in Figure 5(C)), which remained 

uncorroded at ca. + 1.8 V (vs. NHE) for over 50h of constant cycling. Mixed metal oxides are 

typically uncommon compositions of metal oxide based constituents, where the majority of studies 

do not state values of mass activity. However, it is expected that the mass activity of a mixed metal 

oxide will decrease with the addition of less active structural oxides such as PbOx and MnOx.  

Mn and Pb are often utilised as structural frameworks to improve corrosion resistance within active 

metal oxides, however, unary MnOx’s are limited by poor OER catalysis. Adjustment of the 

transition metal d-band position relative to the fermi level is thought to increase the number of 

optimal interactions of reactant and product species at the catalytic active sites. An increase in the 

number of optimal reactant-product interactions facilitates efficient adsorption and desorption 

processes. As a result the OER onset potential is lowered.[143] Patel et al.[144] tuned the d-band in 

amorphous MnO2 with Cu and F to match the fermi level of IrO2 (− 1.33 eV). Cu1.5Mn1.5O4 and 

Cu1.5Mn1.5O4:F were synthesized by a facile procedure and supported on porous Ti foil, where F 

was incorporated in %wt  variations to achieve the correct linear shift of the d-band towards that 

of IrO2. The Cu1.5Mn1.5O4 and Cu1.5Mn1.5O4:F composites both exhibited OER onset potentials of 

+ 1.43 V (vs. RHE), which matches the catalysis of IrO2. The optimum incorporation of 10 %wt F 

into the Cu1.5Mn1.5O4 composite, showed improvements in the current density at + 1.55 V (vs. 

RHE) where current densities of + 9.15, + 6.36 and + 7.74 mA cm−2 were displayed by the F-

doped and non-doped composites, as well as IrO2, respectively. The following results suggest that 

F doping enhances electrical conductivity of the composite at 10 wt% incorporation. Surrounding 

literature also suggests that F doping has a positive influence on the stability of transition metal 

catalysts within acidic conditions. This is due to an increase in the number of polar metal-F 

interactions with high binding energies.[145-149] Patel and co-workers carried out electrochemical 

stability studies that showed minimal deviation in OER performance over the course of 6000 

cycles, with chronoamperometric measurements at + 1.55 V (vs. RHE), over a 24 hour duration 

also exhibiting no deviation in current density.  However, there is a lack of long-term stability data 

to assess the suitability of fluorine doped metal oxides for anodic application within PEM 

electrolysers, where chronopotentiometric measurements for up to 200 hours and CV cycling for 
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a minimum of 50,000 cycles should be exhibited to compare against the benchmark IrO2 catalyst. 

It is possible to impart greater stability and activity to mixed metal oxides with the addition of Sb, 

which is thermally stable.[150] Moreno-Hernandez et al.[151] sputter coated NixMn1−xSb1.6–1.8Oy 

species based catalysts onto conductive films of antimony-doped tin oxide (ATO) and evaluated 

catalytic activity in 1.0 M H2SO4 by cyclic voltammetry and chronopotentiometry. In general, films 

containing both Ni and Mn exhibited the lowest overpotentials, where the lowest over potential of 672 

mV (vs. RHE) was displayed by Ni0.5Mn0.5Sb1.7Oy. Chronopotentiometry under galvanostatic control at 

10 mA cm−2 and cyclic voltammetry outlined that NixMn1−xSb1.6–1.8Oy was stable for more than 150 

hours, with negligible increases in over potential. At several points during chronopotentiometric 

measurements, ICP-MS was used to determine the concentration of dissolved solids within the acidic 

electrolyte, where 56, 17 and 11% of the Mn, Ni and Sb, respectively, had leached from the 

Ni0.5Mn0.5Sb1.7Oy electrode after 144 hours. The leaching of Mn within the composite provides a stable 

structural framework around the active surface of Ni leading to enhanced OER catalysis.[152] Further 

stability of the composite is explained by the formation of the crystalline MSb2O6 rutile-type phase. The 

remarkable observations within this study outline the most stable phase of mixed metal oxides through 

the doping of the composite with antimony. Incorporation of Ni0.5Mn0.5Sb1.7Oy into the catalyst layer 

of the anodic side of a PEM electrolyser would exhibit a 57% Faradaic efficiency.[151]  

 

3.3 Beyond metal oxides  

TMD’s typically exhibit good OER activity,[153, 154] however suffer from dissolution in acidic 

conditions and poor stability in a highly oxidative environment, which hampers their application 

within PEM electrolysers.[83] Wu et al.[155] exfoliated MoS2 and TaS2 nanosheets using liquid phase 

and lithium intercalation and assessed the catalysis of the trigonal prismatic (2H) versus the 

octahedral (1T) phases in 0.5 M H2SO4. The overpotentials to reach + 10 mA cm−2 of 420, 450, 

480 and 540 mV (vs. RHE) for 1T-MoS2, 1T-TaS2, 2H-MoS2 and 2H-TaS2 are comparable to that 

of IrO2 (390 mV vs. RHE). Density functional theory (DFT) calculations outline that the catalysis 

exhibited by the TMD’s is a result of the HET at the edge sites. Energy profiles of the IT and 2H 

phases of MoS2 and TaS2 show that the lowest activation barriers are exhibited by the 1T phase. 

The stability of each material in acidic media is poor. Chronopotentiometric curves using 1T-MoS2 

were recorded at + 10 mA cm−2 after 2000 cycles between + 1.2 and + 2.0 V (vs. RHE). There was 
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a marked increase in onset potential from + 1.6-1.7 V (vs. RHE) after 2h, suggesting poor stability 

in acidic and oxidative conditions.  

Intermetallic alloys can consist of highly active transition metals, that are typically prone to 

dissolution in acidic media (Ni, Co and Fe), with corrosion resistant early transition metals (V, Nb 

and Ta). This combination can create stable catalysts that are potentially suitable as the anodic 

catalyst layers within PEM electrolysers. Mondschein et al.[156] synthesized first row transition 

metal alloys with Ta via high temperature and metallurgical routes. These alloys exhibit stable 

properties in acidic media relative to the single element components Ni, Fe and Co. The crystal 

structure of the intermetallic alloys is shown in Figure 6(A) using Ni2Ta as an example, which is 

the most catalytically active and stable anode material in acidic conditions. Ni2Ta rods were arc 

melted and their OER activity was assessed in 0.5 M H2SO4 with polycrystalline powders of Ni2Ta, 

Co2Ta and Fe2Ta. Overpotentials of 980, 570, 600 and 770 mV (vs. RHE) were observed at + 10 

mA cm-2, respectively (shown in Figure 6(B)). The Ni2Ta rods exhibited no deviation in OER 

performance during galvanostatic measurements at 10 mA cm−2 for 3 days. Corrosion resistance 

of the Ni2Ta rods was assessed by ICP-OES, which was used to measure time dependent 

dissolution of Ni and Ta from the Ni2Ta rods, shown in Figures 5(C and D). A pure Ni control rod 

leached 43.6 μg min-1 of Ni, whereas the Ni2Ta rods exhibited Ni dissolution of only 0.393 μg 

min-1. This is superior to the corrosion data obtained for IrO2 and RuO2 within 0.5 M H2SO4. The 

rate of Ta dissolution was 0.15 ng min-1, hence highlighting the formation of TaOx upon dissolution 

of Ni, where TaOx is known to be highly stable in acidic media. Like Mn and Pb, Ta has the 

potential to be incorporated into the structures of active OER materials to enhance stability and 

corrosion resistance. This should be considered in future studies. Note that Wu, Mondschein and 

co-workers did not state values of mass activity for their catalysts and representative comparisons 

may not be stated. 
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Figure 6 (A) Crystal structure of Ni2Ta showing the positions of the Ni (blue) and Ta (red) atoms. 

(B) Linear sweep voltammograms of a Ni2Ta rod and polycrystalline powders consisting of Ni2Ta, 

Fe2Ta, and Co2Ta. (C) ICP-OES data characterizing the time-dependent dissolution of Ni and Ta 

from a Ni rod and Ni2Ta rod. (D) Time-dependent dissolution data for the Ni2Ta rod, magnified 

from the plot in panel (C). Adapted with permission from ref.[156]   
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3.4 Stable anodic conductive supports   

The suitability of a catalyst material for use within PEM electrolysis is not only based on the active 

material. Promising catalysts are anchored upon supporting materials for a number of reasons: 

reducing the cost of the catalyst-coated membrane (CCM) by reducing catalyst loading; enhancing 

electrical conductivity of the catalyst layer; increasing lifetime of the CCM; and providing a large 

surface area for catalyst deposition.[157-159]   

Excellent electrical conductivity and high surface area for catalyst dispersion are properties that 

shape carbon-based materials as effective catalyst supports within fuel cells and the cathodic side 

of PEM electrolysers. Anchoring cathodic catalyst materials to carbon-based supports has many 

benefits: carbon supports provide electronic conduction pathways between the electrode and the 

catalyst; carbon supports allow catalytic materials to be deposited on a nanoparticle level; and 

carbon materials are also durable in acidic media.[160] Catalyst supports are therefore key to the 

current output of the electrolyser and its longevity.[161-165] However, carbon based supports are not 

suitable for application within the anodic side of electrolysers given that they suffer fast corrosion 

under high oxidative potentials.[166]  

Effective support materials can enhance the electro kinetics of the anodic catalyst layer. Increasing 

the electroactive surface area allows for the optimal surface dispersion of highly active particles 

that lower the OER onset potential. This increase in surface area also enables the low loading of 

active catalyst materials thus reducing the costing associated with the MEA. Degradation of the 

catalyst layers can result in reduced system and stack lifetimes within PEM electrolyser cells.[167] 

Therefore, research of corrosion resistant materials provides a pathway to increasing the lifetime 

of PEM electrolyser technologies. Titanium is typically used as the anodic support material within 

PEM electrolysers.[168] Titanium (TiO2) and tin oxides (SnO2) have been studied as alternative 

OER supports given their high resistance to anodic oxidative conditions, however are mainly 

utilised as supports for IrO2 or RuO2 within the literature and are limited by their poor electronic 

conductivity (∼10−6 S cm−1).[169-174]   

One study utilising a TiO2 support for a noble metal free OER catalyst is by Zhao et al.[175] who 

embedded iron oxide within titania nanowires (Fe2O3/TiO2 NWs). The Fe2O3/TiO2 NWs and Fe2O3 

supported on Ti foam exhibited OER onset potentials of + 1.46 and + 1.63 V (vs. RHE). Given 

that Fe2O3 is unstable in acidic media within anodic oxidative conditions, it is important to assess 
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the stabilizing effect of the titania nanowires. Chronopotentiometry at + 1.9 V (vs. SCE) for 20 h 

in 0.5 M H2SO4 displayed current density decays of 30.3 and 66.7% for the Fe2O3/TiO2 NWs and 

Fe2O3 supported on Ti foam, respectively. It is clear that Fe2O3 embedded within titania nanowires 

experiences less current degradation than its counterpart without a titania support. Antimony doped 

tin oxide (ATO) is a support material highlighted for its high conductivity (0.57 S cm-1), thermal 

stability (> 250 °C) and acid stability in oxidative conditions.[176, 177] Jaouen et al[178] supported 

Cobalt hexacyanoferrate nanoparticles upon ATO (ATO@CoHFe), where the ATO@17% CoHFe 

(39.7 mg ATO and 8 mg CoHFe) exhibited optimal OER catalysis with an onset potential of 1.80 

V (vs. RHE), compared to the negligible OER catalysis exhibited by the unmodified ATO support. 

The stability of the ATO@17% CoHFe was probed within a PEM electrolyser cell at a fixed 

voltage of + 2.0 V for 22 h, where a 10 % degradation in current density was observed. The cell 

potential was ramped to + 2.2 V, where a significant degradation in current density was observed, 

which was attributed to leaching within the ATO support. Quantification of the dissolved ATO 

support was carried out by ICP-MS, where at a cell voltage of + 2.0 V elemental losses for Sn and 

Sb were 0.16 and 8.5 %, respectively. When the potential was ramped to + 2.2 V, elemental losses 

of 22.6 and 52.7% were recorded for Sn and Sb, respectively. These findings are unprecedented 

given that ATO has only been reported to be stable at cell voltages up to + 1.8 V.[179-181] The above 

studies challenge the application of titania or ATO as anodic catalyst support systems within PEM 

electrolyser cells, particularly at high oxidative potentials (> + 1.8 V) where significant current 

degradation and elemental dissolution is observed. It is evident that more research needs to be 

carried out regarding non precious metals supported on highly stable conductive substrates. The 

studies within this area are sparse and typically focus on precious metal catalysts such as IrO2 or 

RuO2.   
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4 Summary      

In order to summarize the research reviewed herein, an emphasis will be placed on the stability of 

the HER and OER catalysts as this is typically the principal factor in determining whether a catalyst 

is suitable for operation within a PEM electrolyser. Plenty of HER studies report on catalysts that 

exhibit excellent HER catalysis and compare that to the near zero overpotential of the benchmark 

Pt/C catalyst; as a result there is a plethora of proficient HER catalysts within literature. However, 

the vast majority of these studies evaluating HER specific catalysts contain limited information on 

the long-term durability of their catalysts, thus a definitive conclusion on their suitability within 

PEM electrolysis is challenging. It would be natural to assume that if the HER activity of each 

catalyst were benchmarked against Pt/C, then their stability should also be benchmarked against 

Pt/C. This is a critical measurement given that the partial degradation of a PEM electrolysers 

performance may be attributed to the Pt based cathode.[62] However, of all the HER studies 

reviewed herein, only two catalysts are tested using chronopotentiometry for a duration longer 

than 20 hours, as shown in ESI table 1, where Pt/C is known to remain stable for more than 50 

hours.[58] None of these HER studies coincide their stability measurements with ICP-MS 

measurements, thus there is a lack of information pertaining to leaching within HER specific 

catalysts. There is progress within the synthesis of HER catalysts, where alloying active metals 

such as Ni, Fe or Co with highly stable metals such as Pb, Zn, Sb, Ta or Mn creates a structural 

framework that exhibits promising stability in acidic conditions.  This is also observed when active 

metal centres are doped with optimal quantities of phosphorus, such as CP@Ni-P which remains 

stable after 150 hours of chronopotentiometry at − 10 mA cm-2 in acidic conditions.[122]  

It is often the case that more comprehensive stability examinations take place in studies regarding 

OER specific catalysts. This is likely due to the high oxidative potentials at the surface of the anode 

as the Faradaic process of the OER proceeds. Because of this, many studies deposit OER specific 

catalysts on non-carbon based supports such as ATO or FTO. Studies that support their OER 

specific catalysts on carbonaceous materials are uninstructive on the basis that data obtained by 

this method is not translational to commercial PEM electrolysis. However, the majority of studies 

that take this factor into account carry out more extensive stability studies, involving 

chronopotentiometric measurements for 50 hours or more, coupled with ICP-MS analysis. The 

same principles for catalyst synthesis used in HER catalysis apply to OER catalysts too, where 

stable elements provide a structural framework for active metals and therefore high stability. OER 
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catalysts such as: Ni2Ta,[156] MnSb1.7Oy, NiSb1.8Oy and Ni0.5Mn0.5Sb1.7Oy
[151] synthesised using 

these principals achieve catalyst durability from 70-200 hours, where the benchmark OER catalyst 

IrO2, is known to remain stable for up to 200 hours during chronopotentiometric measurements.[57]   

Another key consideration for the application of NPM catalysts at the anode or cathode of a PEM 

electrolyser is mass activity (current output per unit mass). This activity metric merges catalyst 

loading and current output to differentiate between excellent catalysis because of ultra-high 

catalyst loading, and relative catalysis with low catalyst loading.[182]  If the mass activities of NPM 

HER and OER catalysts are benchmarked against the mass activities of the precious metal catalysts 

currently utilized in commercial PEM electrolysis, the economic viability of these catalysts for use 

within PEM electrolysers can be calculated based on required quantities and cost of raw materials. 

However, mass activity is not reported in the majority of studies utilising NPM HER and OER 

catalysts, but is regularly provided in studies regarding precious metal based catalysts.[55, 133, 183] It 

is common within the literature for mass activities to be reported at a range of different potential 

values, making comparisons between the mass activities of different catalysts impractical.[55, 184]  

Therefore it is suggested that future studies calculate mass activity at a standard overpotential value 

of 200 mV (vs. RHE).[104, 185, 186] 
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6 Conclusions and future perspectives   

We have provided a thorough overview of the literature reporting non-precious metal materials 

utilised to catalyse the HER and OER. In order for any of the catalysts described herein to be 

applicable for use within a PEM electrolyser they must show comparable achievable current 

densities and onset potentials to their precious metal counterparts as well as display excellent 

stability and minimal leaching in acidic conditions. Whilst some of the reviewed catalysts 

displayed promising properties, many displayed inapplicable catalyst stability testing for 

commercial electrolyser applications. Therefore, we propose that the following four stability-

testing procedures are implemented, for HER and OER catalysts, within future studies to make 

their results applicable to real-world electrolysers and universally comparable:   

• Chronopotentiometric measurements at varied current densities: 10, 20 and 50 mA 

cm−2, for at least 200 hours, to assess the ability of the catalyst to maintain a stable 

current at a set potential over a long duration. This significantly lengthens the duration 

of chronopotentiometric measurements currently used in literature.[187-189] 

•  ICP-MS measurements are critical analyses of catalyst activity and durability however 

are sparsely used in literature.[190-192] Therefore, we propose that all studies should 

include ICP-MS measurements carried out in unison with chronopotentiometric 

measurements to assess the rate of leaching of the active component within a catalyst 

in acidic media.  

• Cyclic voltammetry (CV) is typically carried out for a maximum of 10,000 cycles.[118-

120] We propose, cyclic voltammetry for a minimum of 50,000 cycles, within a potential 

range (V vs. RHE) where the HER or OER onset potential and a current density of + 

or − 10 mA cm−2 can be observed. This will assess whether the onset potential has 

diminished over the course of repeat Faradaic processes. 

• Where possible, X-ray photoelectron spectroscopy (XPS) of the catalyst surface should 

be used to quantify any changes to elemental composition before and after long-term 

stability measurements. This technique may also be used to identify catalyst phases 

responsible for specific electrochemical properties, hence provides crucial information 

on how to tune catalysts to exhibit optimal activity and stability.[193-195]   

• Mass activity (A g-1) at an overpotential of 200 mV (vs. RHE) is a key activity metric 

to assess the feasibility of a NPM catalysts implementation within a PEM electrolyser 
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and should be benchmarked against mass activities exhibited by the currently utilized 

commercial precious metal catalysts.[57, 196] 

 

This stability-testing regime more accurately mimics the conditions within an operating 

electrolyser with fivefold increases in the duration of chronopotentiometric measurements and 

the number of CV cycles compared to stability testing regimes in alternative studies. Future 

work regarding NPM HER and OER catalysts should focus on alloying active metals such as 

Ni, Fe and Co with transition metals that promote structural stability Mn, Pb, Zn, Ta or Sb. 

These structural frameworks have been shown to exhibit promising activity and stability in 

acidic conditions. Similar results are observed within HER specific materials when doping 

active metal centres with optimal quantities of phosphorus. The use of these principals to 

synthesise stable NPM catalysts coupled with the proposed testing regime will inform future 

research into catalysts that have the potential to be used for water splitting within PEM 

electrolysers.  
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Table 1. Summary of current literature pertaining to HER catalysts. 

Catalyst Supporting 

electrode 

Electrolyte Stability in acidic media  Deposition 

technique 

Loading  HER onset (V) Current Density at 

150mV (mA/cm-2)  

Tafel value 

(mV dec-1) 

Ref 

P-MoS2 GC 0.5 M H2SO4 20h at −100 mV (vs. 

RHE) 

Drop-cast  0.32 mg 

cm-2 

−0.02 (vs. RHE)  - 34 [197

] 

Li-MoS2 CF 0.5 M H2SO4 2h at −118 mV (vs. RHE) Chemical growth 3.4-3.9 mg 

cm-2 

−0.10 (vs. RHE) ca. −50 62 [70] 

MoS2-g-

CuNi2S4 

SPE 0.5 M H2SO4 1000 cycles (0.2 to −0.2 

V) (vs. RHE) 

Drop cast  0.30 mg 

cm-2 

−0.05 (vs. RHE) - 29 [198

] 

MoS2 NSs GC 0.5 M H2SO4 1000 cycles (−0.3 to 0.1 

V) (vs. RHE) 

Drop cast 0.29 mg 

cm-2 

−0.04 (vs. RHE) −4.56 68 [199

] 

V, N – 

MoS2/rGO 

GC  0.5 M H2SO4 20h at 90mV (vs. RHE) Drop cast - −0.03 (vs. RHE) ca. 95 41 [80] 

2D-MoS2 SPE 0.5 H2SO4 1000 cycles (0.0 to −0.8 

V) (vs. RHE) 

Drop Cast 0.0013 mg 

cm-2 

−0.19 (vs. RHE) −0.25 92 [53] 

WxC/NG GC 0.5 M H2SO4 10000 cycles at 100mV s-

1 (vs. RHE) 

Drop cast - −0.08 (vs. RHE) −30 45.9 [52] 

rGO/WS2/WO3 GC 0.5 M H2SO4 1000 cycles (−1.0 to 0 V) 

(vs. RHE) 

Drop casting - −0.09 (vs. RHE) −5 37 [200

] 

Fe-WOXP/rGO GC 0.5 M H2SO4 8h at 10 mA cm-2 Drop casting - −0.075 (vs. 

RHE) 

−74 41.9 [201

] 

2D-WS2 SPE 0.5 M H2SO4 1000 cycles (0.2 to −1.3 

V) (vs. RHE) 

Screen printing  - −0.21 (vs. RHE) −0.4 51.1 [41] 

2D-MoSe2 SPE 0.5 M H2SO4 1000 scans (0.0 to −1.4 

V) (vs. RHE) 

Screen printing 20% −0.18 (vs. RHE) −0.2 63 [162

] 

MoSe2/GN GC 0.5 M H2SO4 6000s (0.2 to −0.4 V) (vs. 

RHE) 

CVD - −0.05 (vs. RHE) −9 61 [202

] 

MoSe2/rGO GC 0.5 M H2SO4 2h at 200mV (vs. RHE) Drop casting 0.16 mg 

cm-2 

−0.05 (vs. RHE) −1 69 [87] 

MoSe2 NSs GC  0.5 M H2SO4 1000 cycles (0.1 to −0.3 

V) (vs. RHE) 

Drop casting - −0.08 (vs. RHE) −2.6 80 [203

] 
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Co-N-GA GC 0.5 M H2SO4 5000 cycles (−0.25 to 0.1 

V) (vs. RHE) 

Drop casting 0.28 mg 

cm-2 

−0.03 (vs. RHE) −76 33 [98] 

A-Ni-C GC 0.5 M H2SO4 4h at −200mV (vs. RHE) Drop casting 0.283 mg 

cm-2 

−0.03 (vs. RHE) - 41 [103

] 

CoPS/N-S GC 0.5 M H2SO4 16h at 80mV (vs. RHE) Drop casting 0.17 mg 

cm-2 

−0.045 (vs. 

RHE) 

−10 68 [204

] 

Co0.59Fe0.41P GC 0.5 M H2SO4 20h at 72mV (vs. RHE) Drop casting 0.35 mg 

cm-2 

−0.03 (vs. RHE) −38 52 [205

] 

Ni2P–CoP GC 0.5 M H2SO4 14h at 0.14 V (vs. RHE) Drop casting 0.357 mg 

cm-2 

−0.06 (vs. RHE) −71 64 [206

] 

MoCx GC 0.5 M H2SO4 10h at 170 mV (vs. RHE) Drop casting 0.80 mg 

cm-2 

−0.04 (vs. RHE) −12 53 [207

] 

CoP CPHs GC 0.5 M H2SO4 >12h at 130 mV (vs. 

RHE) 

Drop casting 0.35 mg 

cm-2 

−0.06 (vs. RHE) −17 51 [208

] 

CP@Ni-P CF 0.5 M H2SO4 150h at 10 mA cm-2 (vs. 

RHE) 

Chemical 

synthesis  

0.30 mg 

cm-2 

−0.05 (vs. RHE) −20 58.8 [122

] 

Ni2P GC 0.5 M H2SO4 500 cycles (0 to −0.25 V) 

(vs. RHE) 

Drop casting - −0.03 (vs. RHE) −14 75 [117

] 

Co-P GC 0.5 M H2SO4 13h at 10 mA cm-2 (vs. 

RHE) 

Drop casting 0.20 mg 

cm-2 

−0.04 (vs. RHE) −8 56 [209

] 

Fe2P FTO 0.5 M H2SO4 20h at 120 mV (vs. RHE) CVD - −0.05 (vs. RHE) −76 66 [110

] 

Fe3P FTO 0.5 M H2SO4 20h at 120 mV (vs. RHE) CVD - −0.02 (vs. RHE) - 57 [110

] 

FeP GC 0.5 M H2SO4 60h at 50 mA cm-2 (vs. 

RHE) 

Drop casting  0.28 mg 

cm-2 

−0.025 (vs. 

RHE) 

−91 57 [210

] 

FeP NSs GC 0.5 M H2SO4 - Drop casting 0.28 mg 

cm-2 

−0.09 (vs. RHE) −4 67 [211

] 

NiSe@NC GC 0.5 M H2SO4 12h at 156 mV (vs. RHE) Drop casting 0.35 mg 

cm-2 

−0.05 (vs. RHE) −16 53.3 [212

] 

 

: CPH; concave polyhedron GC; Glassy Carbon RHE; Reversible hydrogen electrode NF; Nickel foam NS: Nanosheet A: Activated rGO; Reduced graphene oxide 

GA; Graphene aerogel CVD; Chemical vapor deposition G; Graphene CF; Carbon filter FTO; Fluorine doped Tin Oxide    
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Table 2. Summary of current optimal anodic electrocatalysts 

Catalyst Supporting 

electrode 

Electrolyte Stability in acidic 

media  

Deposition 

technique 

Loading  OER onset (V) Over potential 

(mV) to reach 10 

mAcm-2 

Tafel value 

(mV dec-1) 

Ref 

Ni2Ta PVC coated Sn-

Cu wire 

0.5 M H2SO4 70+h at 10 mAcm-2 Ag paint - +1.75 (vs. RHE) 570 (vs. RHE) - [156] 

Fe2Ta PVC coated Sn-

Cu wire 

0.5 M H2SO4 - Ag paint - +1.74 (vs. RHE) 770 (vs. RHE) - [156] 

Co2Ta PVC coated Sn-

Cu wire 

0.5 M H2SO4 - Ag paint - +1.64 (vs. RHE) 600 (vs. RHE) - [156] 

Ag-Co3O4 FTO 0.5 M H2SO4 12h at 1.6 V (vs. RHE) Electrodeposition/hy

drothermal 

- +1.65 (vs. RHE) 680 (vs. RHE) 219 [213] 

Ag-Ni(1) 

Co3O4(2) 

FTO 0.5 M H2SO4 - Electrodeposition/hy

drothermal 

- +1.71 (vs. RHE) 730 (vs. RHE) 112 [213] 

CNx GC 0.1 M HClO4 - Drop casting 800 μg 

cm−2  

+1.30 (vs. RHE) 390 (vs. RHE) - [214] 

Pb-Bi - 4.79 M H2SO4 - Melted/casted 7.33% Bi +1.40 (vs. 

Hg2SO4/Hg) 

290 (vs. 
Hg2SO4/Hg) 

- [215] 

Ti-MnO2 GC 0.05 M H2SO4 1 mAcm-2 loss after 2h 

at 1.9 V (vs. RHE) 

Drop casting - +1.60 (vs. RHE) - - [140] 

MnO2 GC 0.05 M H2SO4 1 mAcm-2 loss after 2h 

at 1.9 V (vs. RHE) 

Drop casting - +1.61 (vs. RHE) - 170 [140] 

MnOx 

FTO 0.5 M H2SO4 18% Mn dissolution 

after 1h at pH 2 

Electrodeposition  6 mC/cm2 +1.47 (vs. RHE) - 60.3  [135] 

Co3O4 

 

FTO 0.5 M H2SO4 12h at 10 mAcm-2 Spin casting 200 μL +1.63 (vs. RHE)   - [216] 

CoMnOx FTO 100 mM 

Phosphate & 1 

M KNO3 (pH 

2.5) 

30 mins at 1 mAcm-2 Electrodeposition 0.5 mM ca. +1.70 (vs. 

NHE) 

- ~83 [142] 
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CoOx FTO 100 mM 

Phosphate & 1 

M KNO3 (pH 

2.5) 

20 mins at 1 mAcm-2 Electrodeposition  0.5 mM ca. +1.70 (vs. 

NHE) 

- 82 [142] 

CoPbOx FTO 100 mM 

Phosphate & 1 

M KNO3 (pH 

2.5) 

7h at 1 mAcm-2 Electrodeposition 0.5 mM ca. +1.65 (vs. 

NHE) 

- ~72 [142] 

CoFePbOx 

FTO 100 mM 

Phosphate & 1 

M KNO3 (pH 

2.5) 

>50h at 1 mAcm-2 Electrodeposition 0.5 mM ca. +1.65 (vs. 

NHE) 

- ~70 [142] 

FeOx FTO 100 mM 
Phosphate & 1 

M KNO3 (pH 

2.5) 

2h at 1 mAcm-2 Electrodeposition 0.5 mM - - 51 [142] 

MnOx FTO 100 mM 

Phosphate & 1 

M KNO3 (pH 

2.5) 

10 mins at 1 mAcm-2 Electrodeposition 0.5 mM ca. +2.40 (vs. 

NHE) 

- 650 [142] 

PbOx FTO 100 mM 

Phosphate & 1 

M KNO3 (pH 

2.5) 

12h at 1 mAcm-2 Electrodeposition 0.5 mM - - 121 [142] 

NiOx FTO 100 mM 

Phosphate & 1 

M KNO3 (pH 

2.5) 

- Electrodeposition 0.5 mM ca. +1.60 (vs. 

NHE) 

- N/A [142] 

NiOx GC 1 M H2SO4 Unstable in acid Electrodeposition 40 mL - ~1200 (vs. SCE) - [126] 

NiCuOx GC 1 M H2SO4 Unstable in acid Electrodeposition 40 mL - ~1210 (vs. SCE) -        [126] 

NiCoOx GC 1 M H2SO4 Unstable in acid Electrodeposition 40 mL - ~1000 (vs. SCE) - [126] 

NiFeOx GC 1 M H2SO4 Unstable in acid Electrodeposition 40 mL - ~1000 (vs. SCE) - [126] 

CoOx GC 1 M H2SO4 Unstable in acid Electrodeposition 40 mL - ~1000 (vs. SCE) - [126] 

CoFeOx GC 1 M H2SO4 Unstable in acid Electrodeposition 40 mL - ~700 (vs. SCE) - [126] 

CoPi GC 1 M H2SO4 Unstable in acid Electrodeposition 40 mL - ~700 (vs. SCE) - [126] 
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MnSb1.7Oy  ATO film on 

quartz 

1 M H2SO4 >144h at 10 mAcm-2 Magnetron 

sputtering 

- +1.78 (vs. RHE) 670 (vs. RHE) 96 [151] 

Ni0.2Mn0.8Sb1.6O

y  

ATO film on 

quartz 

1 M H2SO4 >144h at 10 mAcm-2 Magnetron 

sputtering 

- +1.70 (vs. RHE) 690 (vs. RHE) 60 [151] 

NiSb1.8Oy  ATO film on 

quartz 

1 M H2SO4 >144h at 10 mAcm-2 Magnetron 

sputtering 

- +1.80 (vs. RHE) 1000 (vs. RHE) 105 [151] 

1T MoS2 CFP 0.5 M H2SO4 1h at 10 mAcm-2 Spray deposition  - ca. +1.50 (vs. 

RHE) 

420 (vs. RHE) 322 [155] 

1T TaS2 CFP 0.5 M H2SO4 1h at 10 mAcm-2 Spray deposition - ca. +1.60 (vs. 

RHE) 

450 (vs. RHE) 282 [155] 

2H MoS2 CFP 0.5 M H2SO4 1h at 10 mAcm-2 Spray deposition - ca. +1.60 (vs. 

RHE) 

480 (vs. RHE) 361 [155] 

2H TaS2 CFP 0.5 M H2SO4 1h at 10 mAcm-2 Spray deposition - ca. +1.70 (vs. 

RHE) 

540 (vs. RHE) 265 [155] 

Cu1.5Mn1.5O4 Ti foil 0.5 M H2SO4 - Drop casting - ca. +1.43 (vs. 

RHE) 

310 (vs. RHE) - [144] 

Cu1.5Mn1.5O4:F Ti foil 0.5 M H2SO4 24h at 16 mAcm-2 Drop casting - ca. +1.43(vs. 

RHE) 

320 (vs. RHE) - [144] 

 

Key: PCP; Porous carbon polyhedron NrGO; Nitrogen doped reduced graphene oxide NC; Nanocage NW: Nanowire NRA; Nanorod array NF; Nickel foam 

MWCNTS; Multiwalled carbon nanotubes NMCC; Nitrogen doped mesoporous carbon cage CFP; Carbon filter paper BCCF; Bacterial cellulose carbon fibers 

GCNS; Graphene carbon nanosheets                                                                                                                                                                                                                                                                                                                                                                                                                               

 

 


