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ABSTRACT. Iron-based catalysts are very appealing in terms of applications due to the low cost 

of Fe and to its abundance in the Earth’s crust. In the field of water oxidation, unfortunately, iron 

oxides cannot match the activity of Co or Ni oxides, much less the activity of noble metal oxides 

(IrO2). The activity of transition metals to promote the oxygen evolution reaction (OER) can be 

tuned and enhanced by their incorporation into polyoxometalate frameworks (POMs). In 

comparison with metal oxides, POMs offer a controlled, discrete structure, and a tailor-made 

environment. Fe-POMs still show a low OER activity in neutral or basic media, when compared 

to Co-POMs. When moving to highly acidic media, we have found an unexpected  electrochemical 

response in carbon paste electrodes containing salts of the [FeIII4(H2O)2(PW9O34)2]6– (Fe4) 

polyanion. In oxidative conditions, these electrodes showed lower onset potentials, and higher 

current densities than their Co-based analogs, contrary to computational expectations. Careful 

analyses have shown the excellent stability of the Fe4 in these pH < 1 conditions, but a poor 

selectivity. CO2 is the dominant product, in addition to O2. The capability of Fe4 to oxidize 

amorphous carbon in acidic conditions appears to be unique, since it is not found in Fe oxides or 

simple Fe salts. Thus, Fe-POMs, in acidic conditions, are still modest OER catalysts, but exhibit a 

unique performance when electrochemically oxidizing carbon. 

Introduction 

Polyoxometalates (POMs) are a wide family of molecular fragments of metal oxides built from 

MOx polyhedral of early transition metal cations in high oxidation states. Thanks to their discreet 

and well-defined structure,1 along their chemical and redox stability in multiple solvents, they have 

been model materials of study in multiple fields, from supramolecular chemistry2,3 to molecular 

magnetism,4,,6 from bio-inorganic activity7 to nanoscience.8,9 A major application of POMs deals 

with their catalytic activity, in homogeneous and heterogeneous conditions.10,,,13 This catalytic 
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activity is based in two of their most prominent features: their acid-base and their redox 

capabilities, taking and donating protons or electrons, respectively. 14,,16 In the last decade they 

have been investigated as model catalysts to accelerate (photo)electrochemical reactions,17 with 

promising performance in water electrolysis.18 - 27 

Hydrogen production from water electrolysis powered by renewable energy sources has been 

identified as a key contributor to the desired decarbonization of the industry worldwide.28 

Electrolytic hydrogen is still limited by different challenges, one of them being the sluggish 

kinetics and high overpotential of the oxygen evolution reaction (OER) at the anode.29 This is 

particularly difficult in acidic media, given the poor stability of common OER electrocatalysts 

(transition metal oxides) in such electrolytes.30 After decades of research, IrO2-based catalysts are 

still the only ones providing fast enough kinetics and viable long-term stability.31 Thus, many 

research and technology initiatives are looking for cost-effective, earth-abundant alternatives.  

One highly successful strategy to stabilize active OER electrocatalysts in acidic media comes 

from surface engineering of common metal oxides to provide a distinct surface that favors water-

hydroxyl trapping,32 and offering good stability at high current densities. Some other promising 

strategies have been successful only at low current densities. For instance, by limiting the applied 

potential to avoid the dissolution of the active species.33 -36 The processing of OER catalysts into 

a partially hydrophobic/conducting support is also able to avoid acid attack.37,38 With the latter 

strategy, Co-POMs demonstrated to be highly active and robust towards OER even in 1M H2SO4 

electrolyte  with good stability in comparison with IrO2.39 It is also relevant to mention that this 

solid composite electrode with insoluble POM salts is particularly appealing, since POMs are 

typically unstable as homogeneous catalysts for OER.40,41 



 4 

Motivated by its abundancy and innocuous character, iron is the most interesting transition metal 

to be explored as water oxidation catalyst. But in terms of activity, iron offers modest performance 

towards OER. This was confirmed with oxides,42 and also with Fe-POMs. The 

[FeIII4(H2O)2(PW9O34)2]6– (Fe4) polyanion (Fig. 1)43,44 exhibited lower OER kinetics than the 

analogous [CoII4(H2O)2(PW9O34)2]10– (Co4) POM in neutral pH.45-47  These results were 

corroborated by computational modelling, which concluded that the transition state in the Fe-POM 

was energetically more demanding due to the different electronic features. 

 

Figure 1. Molecular structure of the [M4(H2O)2(PW9O34)2]n– polyanions. Sandwich-type 
polyoxometalates based on two B-α-[XW9O34]q– (X = PV, AsV, SiIV) and four transition metal 
centers constitute a well-known class of compounds. 
 

Despite being a less active catalyst, we decided to investigate the activity of Fe4 for OER also 

in acidic media. Surprisingly, we have found a significant lower onset potential and better 

electrochemical activity in the Fe vs Co species comparison, contrary to what was observed in 

neutral pH. Fe4 exhibits excellent structural and chemical stability in these conditions. However, 

this electrocatalytic performance is not coming exclusively from the OER process, with a major 
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side reaction: carbon oxidation to CO2. This activity is unprecedented, and still not well 

understood, appearing as a unique reactivity of Fe-POMs for the oxidation of amorphous carbon.  

Methods 

Materials. All chemicals and solvents were used as purchased without further purification. 

Milli-Q water (ca. 18.2 MΩ·cm resistivity) was employed to prepare all aqueous solutions 

and to clean and rinse the electrodes. Carbon paste (CP) was purchased from ALS (CPO 

Carbon Paste Oil: uniform-sized graphite powder and paraffin oil). 

Electrode preparation. The CP blends were prepared by mixing the barium salts of the 

POMs with CP in the desired weight ratios using an agate mortar. Then, the blend was 

introduced into the CP electrode pocket. A small piece of staple cotton was used to cover 

the electrode surface for long-term electrocatalytic experiments to avoid the expulsion of 

the blend out of the electrode pocket. 

Electrochemical methods. All electrochemical experiments were performed using a Biologic 

SP150 potentiostat. Ohmic drop was compensated (85%) using the positive feedback 

compensation implemented in the instrument. All experiments were performed with a three-

electrode configuration using a glass H-cell, with a glass frit separating the cathode chamber from 

the anode chamber. The pocket of the CP electrode (surface area = 0.07 cm2) was the working 

electrode, and the Saturated Calomel Electrode (SCE) was the reference electrode, both placed in 

the anode compartment. A Pt mesh was used as counter electrode in the cathode compartment. 

Linear sweep voltammetry experiments (LSV) were performed at scan rate of 1 mV/s. Bulk water 

electrolysis was performed at a constant current density of 1 mA/cm2 for 2–24h. All current 

densities were calculated based on the geometrical surface area of the electrodes (0.07 cm2). 

The experiments were carried out in an H2SO4 (1 M) aqueous solution at pH ≈ 0.3. The actual pH 

of the electrolyte was measured prior to each experiment, and the thermodynamic potential for the 

water oxidation was corrected by the pH value using the Nernst equation: 

E0 = 1.229 − (0.059 × pH) (V) vs NHE at 25 °C 
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The water oxidation overpotentials (η) were calculated by subtracting the thermodynamic water 

oxidation potential to the applied potential: 

η =  Eapp −  EH2O/O2
0  

Recovery of the catalyst. After electrochemical experiments, the Ba[POM]/CP blend (ca. 

40 mg) was suspended in acetone (30 mL) and sonicated for 30 minutes. The supernatant 

liquid (containing carbon black and the organic oil binder) was decanted to retain the POM 

catalyst in the beaker. This procedure was repeated ten times to get a clean catalyst sample, 

ready for post-catalytic characterization. 

Characterization methods. IR spectra were collected with a FT-IR Bruker spectrometer model 

Alpha equipped with an ATR accessory. The spectra were acquired in the range 400–4000 cm-1 

with 32 scans. Raman measurements were acquired using a Renishaw inVia Reflex Raman 

confocal microscope (Gloucester- Shire, UK), equipped with a diode laser emitting at 785 nm at a 

nominal power of 300 mW, and a Peltier-cooled CCD detector (−70 ºC) coupled to a Leica DM- 

2500 microscope. Calibration was carried out by recording the Raman spectrum of an internal Si 

standard. Rayleigh scattered light was appropriately rejected by using edge-type filters. The 

spectra were acquired in the range 100–1800 cm–1. Laser power was used at nominal 1% to avoid 

sample damage. Spectra were recorded with the accumulation of at least three scans with a 30 s 

scan time each one. 

Computational methods: The methodology used follows our recent analysis on the OER activity 

of Fe4 in neutral media.45 Optimizations were performed using the Gaussian-16 package,48 with 

the B3LYP hybrid functional49,50,51 and simulating the solvent effects of water using the IEF-

PCM52 model (ε = 78.36 and UFF radii). As basis sets, the 6-31G(d,p)53,54,55 were used for all light 

atoms whereas for P, W and Fe atoms the LANL2DZ effective core potential (ECP)56 was used 

instead. The nature of all stationary points was verified by computation of the vibrational 

frequencies. All energies reported correspond to the computed free Gibbs energies in solution; 

electrochemical steps are reported either in V or eV and chemical steps in eV and kcal mol-1. All 

experimental and computed potentials and overpotentials given in the present work are referred to 

the NHE reference scale. A collection data set of all computational data is accessible in the 

ioChem-BD repository.57  
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Results and discussion 

Electrochemical characterization 

The insoluble Ba3[FeIII4(H2O)2(PW9O34)2] salt (BaFe4) was blended with a carbon paste to 

produce solid conducting electrodes up to a 30% POM content in weight (x-Fe4/CP). The 

electrochemical response of these x-Fe4/CP composites was studied in 3-elecrode configuration 

in 1M H2SO4 electrolyte (pH < 0.3), with a Pt mesh counter-electrode and a Saturated Calomel 

(SCE) reference electrode. The linear sweep voltammetry data showed the onset of an oxidation 

event at very low potentials, with increasing activities as the POM content increases (Fig. 2). 

Comparing these results with analogous Co4 electrodes, Fe4 offers an apparent better performance 

(higher current densities at a given overpotential), contrary to our observations in neutral pH.45 

Chronopotentiometry also showed a good stability in the 20-Fe4/CP electrodes for > 10 hours (Fig. 

3). 

 
Figure 2. Linear sweep voltammetry (LSV, 1 mV/s) of Fe4 and Co4 carbon paste electrodes in 1 
M H2SO4 electrolyte (pH < 0.3) (a) and in phosphate pH 7 buffer (b). 

 



 8 

During chronopotentiometry, we analyzed the head space of the anode with a fluorescent probe to 

quantify the oxygen evolution. Multiple and reproducible experiments gave a surprisingly low 

oxygen yield, reaching a maximum of ≈ 30 % O2 of the theoretically expected production (Fig. 

4a). Although the detection of O2 in these conditions is challenging, given the small surface area 

of the electrode, and the plausible trapping of O2 into the carbon paste, such a low efficiency was 

unexpected, far from the > 95% efficiency toward OER shown by Fe4/CP electrodes in neutral 

media,45 and also the >99% efficiency towards OER obtained for the analogous Co4 in acidic 

conditions.39 

 
Figure 3. Chronopotentiometry at 1 mA/cm2 of 20-Fe4/CP electrodes in 1 M H2SO4 electrolyte. 
 
 

To identify additional products, given the low Faradaic efficiency towards water oxidation, we 

built a set-up (Figure S1) to analyze the gas evolution during chronopotentiometry with a mass 

spectrometry (MS) instrument, using argon as carrier gas. The set-up consists of a hermetic H-cell 

with two compartments. After 16 h of chronopotentiometry, the Ar flow was passed through the 

anode head space and into the MS analyzer. The results showed two major components in the gas 

stream, O2 and also CO2. Although MS makes it difficult to accurately quantify their exact ratio, 
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given the MS specifications, CO2 is clearly the major product considering the MS response areas 

(Fig. 4b). The gas diffusion dynamics of CO2 and O2 are not comparable in the Ar gas stream, 

with most oxygen being detected in the first 2 hours, while CO2 detection continues for > 4 hours, 

always once the chronopotentiometry has been stopped (before flowing Ar through the cell). From 

the total integration of the signal a rough 4:1 ratio between CO2 and O2 can be estimated. No other 

volatile compounds were detected by the MS.  

 

Figure 4. (a) Experimental and theoretical oxygen evolution during a chronopotentiometry 
experiment at 1 mA/cm2 of 20-Fe4/CP electrodes in 1 M H2SO4 electrolyte. The arrow indicates 
the chronopotentiometry starting and ending points. Faradaic efficiency (FE) remains at 30%. (b) 
O2 and CO2 detection after 16 hours of chronopotentiometry experiment at 1 mA/cm2 of 20-Fe4/CP 
electrodes in 1 M H2SO4 electrolyte. The dashed line indicates when the chronopotentiometry 
stops, and an Ar stream starts to flow through the cell directing the headspace gas to the  mass 
spectroscopy analyzer. 

The most plausible origin for CO2 should be the amorphous carbon in the carbon paste composite, 

since it is the only carbon source in the system. To understand if this activity is unique for the Fe-

POMs, we investigated the activity of carbon paste composites containing iron sulfate, as an 

alternative Fe3+ compound. CO2 evolution was not detected with this salt, which showed very poor 
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electrochemical response in the same voltage range (Figure S2). Fe oxides in CP electrodes for 

OER in acidic conditions were already reported, and no activity towards CO2 evolution detected.37 

Thus, this capability to oxidize amorphous carbon appears to be a special feature of the Fe-POMs. 

 
Post-chronopotentiometry characterization 

The stable chronopotentiometry data (> 10 h) suggests good Fe4/CP stability during acidic OER. 

To further assess the robustness of the Fe4, we recovered the electrode composite along the mother 

liquor after the chronopotentiometry for further analyses. ICP-OES carried out with the mother 

liquor of the anode compartment confirmed the absence of any metal, beyond the detection limit 

(Table S1). Raman and IR spectroscopy of the composite electrodes do not show any significant 

changes in the main signature peaks of the Fe4 species (Figure S3). The IR shows some additional 

peaks at ~1600 cm–1, due to the presence of carbon residues. The fingerprint of the Fe4 species in 

the 1200-500 cm–1 is well-match, with minor variations in peak resolution, which improves after 

catalysis (probably because of the different hydration, due to the multiple acetone washes to 

remove the carbon content). The Raman shows no new peaks, as expected to detect any 

transformation or decomposition of the POM structure.58,59. All these data suggest a good stability 

of the catalyst during acidic electrooxidations in these composite electrodes. 

Computational Studies 

The reaction mechanism for the water oxidation with Fe4 was previously studied in neutral 

media.45 In that study, the FeIII-OH2 species evolved to iron-hydroxy species FeIII-OH and from 

there the postulated mechanism involved FeII/FeIV intermediates with a potential determining step 

of 1.54 V corresponding to the PCET between FeIII-OH and FeIV=O. Herein, we compare the 
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results for the acidic media with those of the neutral media (see Computational Details). The 

species involved in the mechanism in acidic media are not the same, as in acidic media the starting 

species is not the iron-hydroxy FeIII-OH, but the corresponding aqua complex FeIII-OH2. In Figure 

6 the initial steps are presented, whereby vertical processes correspond to oxidation reactions 

(electron transfer, ET), horizontal ones to proton transfer (PT) and diagonal arrows represent 

proton coupled electron transfer (PCET) steps with one electron and one proton loss. FeIII-OH2 

needs 2.5 eV to undergo a PCET to form the corresponding iron-hydroxy complex FeIV-OH, and 

from that point it can evolve to {H}FeIV=O and FeIV=O. {H}FeIV=O is the result of an internal 

rearrangement of the hydroxylic hydrogen to protonate an oxo group of the POM, whereas FeIV=O 

is the result of the spontaneous loose of a proton leading to FeIV=O.  

 

Figure 6. Diagram representation of the PCET, PT and ET events for Fe4 at pH = 0 to reach the 
active species. Potentials are given in V vs NHE for the electrochemical processes, while the 
chemical processes related to acid-base equilibria (PT) are expressed as free Gibbs energy (in eV). 
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Further analyzing the square diagram, we can see that from the starting species, FeIII-OH2, another 

similar mechanism is possible, in which the iron aqua species FeIII-OH2 is in acid-base equilibria 

with FeIII-OH. In acidic media a small proportion of FeIII-OH would be available and could 

undergo a PCET with a potential of 2.0V to achieve FeIV=O. This mechanism, although lower in 

the required potential, would not be very efficient due to the low concentration of starting species.  

Once the FeIV=O species is formed, the subsequent steps in acidic media closely resemble those 

observed in neutral media. However, the reaction requires larger potentials in acidic conditions 

due to the higher proton concentration, which hinders proton release as described by the Nernst 

equation. Computational analysis indicates that a potential over 2.0 V is necessary for oxygen 

evolution, a value significantly higher than experimental observations. These results suggest that 

oxygen evolution efficiency under acidic conditions is likely low. Further experimental and 

computational studies are needed to completely understand the reaction mechanism and accurately 

reproduce the effect of the acidic environment. 

 

Conclusions 

The use of a carbon-based, hydrophobic electrode support is able to stabilize water oxidation 

catalysts in acidic media, avoiding their dissolution at high proton concentrations. This has been 

also confirmed in the case of the Fe4 polyoxometalate. Fe4/carbon paste electrodes are able to 

sustain an anodic current in 1 M H2SO4 electrolyte for hours, confirming the high stability of the 

Fe4 species under these conditions. However, product analyses have shown a high production of 

CO2, suggesting the contribution of carbon oxidation to the observed currents. 
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This is the first example of the carbon support oxidation during water oxidation with these 

composite electrodes, since Faradaic oxygen evolution was found for all other OER catalysts, 

including POMs and also transition metal oxides in previous studies.37,38,39 Even the very same 

Fe4 showed Faradaic OER in neutral media, indicating a major role of the acidic environment to 

promote carbon oxidation.45 This finding may open interesting opportunities for electrochemical 

carbon oxidation, with Fe-POMs appearing as plausible catalysts for biomass electrochemical 

decomposition. 
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SYNOPSIS 

A change in water oxidation catalytic selectivity is observed with Fe4-modified carbon paste 

electrodes from neutral medium, displaying Faradaic O2 evolution, to acidic conditions, in which 

the oxidation of the carbon support leads to the evolution of CO2 and a reduction of the O2 

efficiency down to 30%. This unparalleled result may open new avenues for biomass 

electrochemical decomposition. 

 


