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Abstract 

Platinum group metal-free catalysts for polymer electrolyte fuel cells are analyzed in different 

electrolytes (H2SO4 and HClO4) and at different pH’s to gain insight into the oxygen reduction 

reaction (ORR) mechanism. Two Fe-N-C type catalysts each show a reversible voltammetric redox 

couple around 0.77 V vs. RHE in HClO4 electrolyte. A notable cathodic shift of the redox couple 

to 0.62 V is observed in H2SO4 and is assigned to bisulfate adsorption. Concurrently, the ORR 

activity of the catalysts is unaffected, suggesting an independent nature of the reductive 

mechanism with the redox peak species.  
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1 Introduction  

Transition metal-nitrogen-carbon (M-N-C) platinum group metal-free (PGM-free) catalysts are an 

emerging alternative to Pt-based catalysts for polymer electrolyte fuel cells (PEFCs).1-5 Early 

PGM-free catalysts were heme-inspired pyrolyzed MN4 macrocycles, consisting of pyrrolic- or 

pyridinic-N heterocycles, coordinated to Fe or Co6,7 promoting either a 4e– or 2×2e– reduction of 

oxygen.8,9 Recently, significant improvements to the ORR activity for Fe-N-C type catalysts in 

acidic media have been achieved,10 however, the ORR activity is still inferior to that of the Pt-

based catalysts.11 To improve the activity of PGM-free catalysts a comprehensive understanding 

of the nature of ORR active site(s) is required. The origins of the ORR activity of M-N-C catalysts 

have been debated for several decades, however, their nature remains indeterminate.12,13 While the 

presumed requirement of a coordinated transition metal and its role in the ORR has recently come 

into question,14-16 much of the available data supports the hypothesis that the presence of a 

coordinated metal is critical to achieving high ORR activity.1,17,18 

Among several approaches used in studying the ORR active sites in Fe-N-C catalysts, 

efforts to correlate the potential of redox peak in Fe-N-C catalysts to ORR activity have been 

reported. Depending on the type of PGM-free catalyst, redox-active species such as 

quinone/hydroquinone groups can be observed such as in oxidized carbonaceous materials.19 

However, the quinone/hydroquinone redox-couple does not seem to correlate with the ORR 

activity of the PGM-free catalysts in acidic medium.20,21 Typically, voltammograms of Fe-

containing catalysts reveal the presence of a reversible redox-couple in the potential range between 

0.64 and 0.78 V vs. RHE,9,22-25 often attributed to the Fe3+/Fe2+ couple.9,24,25 It has been proposed 

that Fe must be in the 2+ oxidation state to be active for ORR. For example, Jia et al. suggested 

that at potentials higher than the Fe3+/Fe2+ redox potential, Fe in the valence state of 3+ is poisoned 
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by oxygen species and thus not available for adsorption of O2.5 Zagal et al. also claimed that Fe3+ 

cannot be an active site as this site is poisoned by OH.26 Similarly, Kramm et al. precluded Fe3+ 

from being an active site based on the same notion that O2 can only adsorb on Fe2+ sites,27 a view 

supported by Osmieri et al.28 Thus, according to these studies, Fe-N-C catalysts are active only at 

potentials lower than the Fe3+/Fe2+ redox potential, i.e., in the 2+ oxidation state of Fe. In this 

work, two Fe-N-C catalysts were studied via electrochemical methods in two acid electrolytes 

under varying conditions, with the purpose of elucidating any link, or lack thereof, between the 

reversible redox couple and the ORR activity. 

2 Experimental 

2.1 Catalyst synthesis and characterization 

Refer to supplementary information. 

2.2 Electrochemical measurements  

Cyclic voltammetry (CV), linear sweep voltammetry (LSV), and potential-step 

chronoamperometry (PSC) were performed to characterize the ZIF-8 and (CM+PANI)-Fe-C(Zn) 

catalysts using a WaveDriver® 20 bi-potentiostat, a 5.5 mm diameter glassy-carbon rotating disc 

electrode (RDE; Pine Instrument Company), and a graphite rod counter electrode in N2- or O2-

saturated 0.5 M H2SO4 or HClO4 electrolyte (unless specified otherwise) at room temperature. A 

Pt wire submerged in H2-saturated 0.5 M H2SO4 (reversible hydrogen electrode; RHE) or 1.0 M 

HClO4 (normal hydrogen electrode; NHE) was used as a reference electrode. CV measurements 

were recorded at 20 mV/s. Redox potentials were determined by measuring the anodic and 

cathodic peaks and calculating the half-way point. For ZIF-8-derived catalysts, LSV scans were 

performed at 5 mV/s in N2-saturated electrolyte to measure background current, and with O2 for 

ORR measurements at 900 rpm. For (CM+PANI)-Fe-C(Zn) catalysts, steady-state PSC plots were 
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recorded in O2-saturated electrolyte using a 20 mV/20 s steps at 900 rpm.  

3 Results and discussion 

3.1 Electrochemical characterization of ZIF-8-derived catalysts 
 

The CV and RDE test data reveal a different electrochemical behavior depending on the Fe content 

within the series of ZIF-8-derived catalysts. The CV shows a well-defined redox couple at 

approximately 0.66 V vs. RHE in 0.5 M H2SO4 (Figure 1), which is sometimes seen in other PGM-

free Fe-N-C type catalysts.9,24,25 The origin of this redox couple has not been definitively 

identified. Both the Fe3+/Fe2+ couple9,24,25 and quinone/hydroquinone-type29,30 couples have been 

suggested to be responsible for this redox feature, with no conclusive evidence presented to date. 

In the present work, the redox couple at ca. 0.66 V for the ZIF-8 derived catalysts (Figure 1) 

increases in magnitude with increasing iron content, alluding to a possible Fe-based nature. Figure 

1b shows the ORR performance of ZIF-8-derived catalyst measured in 0.5 M H2SO4.  

The redox-couple potential shows a strong dependency on the type of the electrolyte used 

in electrochemical testing. In one experiment, the total molar concentration of the acid electrolytes, 

HClO4 and H2SO4, i.e., the solution pH, was kept constant at 0.5 M, while the ratio of HClO4 and 

H2SO4 was varied. The redox couple potential was found to increase gradually with increasing 

HClO4 content (Figure 2a), from ca. 0.66 V in 0.5 M H2SO4 to 0.77 V in 0.5 M HClO4. LSV scans 

were measured in O2-saturated HClO4 and H2SO4, to determine if there is a connection between 

the electrolyte, redox-couple potential, and ORR current. Despite the differences in the redox 

couple potential in N2-saturated solutions (Figure 2a), the ORR activity of the catalyst was 

essentially the same in the two acids (Figure 2b). The ORR onset potential of 0.95 V was identical 

in HClO4 and H2SO4, as was the response in the kinetic range of ORR potentials (up to ca. 0.8 V). 
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Only the limiting current values were found to be different in the two acids, likely due to 

differences in the oxygen diffusivity and solubility.31  

3.2 Electrochemical characterization of (CM+PANI)-Fe-C(Zn) catalyst 

Also studied in 0.5 M HClO4 and 0.5 M H2SO4 electrolytes was an Fe-based catalyst derived from 

(CM+PANI)-Fe-C(Zn). The results were similar to those obtained with the ZIF-8 catalysts. Redox-

couple potentials of 0.61 V and 0.77 V were measured in 0.5 M H2SO4 and 0.5 HClO4, 

respectively. The redox potential again was found to increase with increasing HClO4 content 

(Figure 3a). No difference in the ORR activity was observed between the two electrolytes, with 

the onset potential and catalyst behavior in the kinetic region being identical in both cases (Figure 

3b). As before, no correlation between the redox couple potential and ORR activity was found for 

the (CM+PANI)-Fe-C(Zn) catalyst. The data in Figures 2 and 3 indicates that the species 

responsible for the reversible redox couple observed in the voltammograms recorded for these two 

electrocatalysts, and likely for other Fe-N-C ORR electrocatalysts, plays no role in the oxygen 

reduction reaction. 

3.3 Quinone/hydroquinone-type and Fe3+/Fe2+ redox couples 

Both the Fe3+/Fe2+ and the quinone/hydroquinone-type redox couples have been suggested to be 

responsible for the voltammetric redox feature observed in Fe-N-C type catalysts. An additional 

experiment was conducted to elucidate the redox-couple origin. The standard potentials for 

Fe3+/Fe2+ and quinone/hydroquinone redox reactions are:32 

Fe3+ + e− Fe2+ 0.771 V vs. SHE  (eq1) 

Quinone + 2H+ + 2e− hydroquinone  0.699 V vs. SHE  (eq2) 

In the present work, the redox-couple potential measured for ZIF-8-derived and 

(CM+PANI)-Fe-C(Zn) catalysts was 0.77 V vs. RHE in 0.5 M HClO4, or 0.75 V vs. SHE (ERHE = 
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ESHE + 0.059 × pH, where ESHE = 0 V). The proximity of the observed redox potential to the 

Fe3+/Fe2+ couple,32 suggests that the species responsible could be Fe-based. A 

quinone/hydroquinone based redox couple should be pH-dependent, with an expected potential 

shift of –59.2 mV/(pH unit) (eq2). Experimentally, a pH dependence of –57.3 mV/(pH unit) has 

been measured for quinone/hydroquinone,29 and values of –50 to –60 mV/(pH unit) for substituted 

quinones.29,30 In this work, CVs were recorded with HClO4/LiClO4 electrolyte to produce a range 

of pH values while maintaining constant ClO4
– concentration. As shown in Figure 4, the change 

in the solution pH from 0.67 to 1.21 resulted in a small shift in the redox couple potential, –4 mV 

and +8 mV for the ZIF-8 and CM+PANI derived catalysts, respectively. This observed shift is 

smaller than the expected 32 mV shift for a quinone species suggesting that the observed 

voltammetric behavior is due to a non-quinone species. 

3.4 Impact of electrolyte and adsorbed species on the redox potential and the ORR 

An important matter to consider is the observed difference in the redox potentials measured in 

H2SO4 and HClO4. The measured redox-couple potentials were 0.77 V in 0.5 M HClO4 and 

0.61-0.66 V in 0.5 M H2SO4, alluding to a possible effect by H2SO4. Sulfate and bisulfate 

adsorption has been well documented in Pt electrocatalysis,33 but never reported for PGM-free 

catalysts. If adsorption of the anions (bisulfate at the pH used for the analysis) can occur on PGM-

free catalysts, based on electrochemical data alone it is difficult to discern the type of site(s) that 

bisulfate has the highest affinity to (e.g., iron, iron carbides, Fe-N-C moieties, or pyridinic 

nitrogen). Following extensive purification one can exclude the presence of Fe0 and iron carbide 

particles. However, those tend to be fully encapsulated and isolated by graphitic carbon species.34 

While the nature of the sites binding the anions is unclear, the ORR data in Figures 2 and 3 leaves 

no doubt that adsorption of ions occurs on sites not involved in the ORR.  
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Compounds that are likely to act as active-site poisons have been employed in recent 

studies on PGM-free catalysts to study their effect on the ORR.9,35 Tylus et al.9 used cyanide (CN-) 

in acidic and alkaline media and found that CN- can inhibit the ORR, which shifted towards higher 

overpotential values. Additionally, CN- slightly suppressed the redox peak current and shifted its 

potential negatively. This behavior was attributed to the inhibition of the Fe-N centers through the 

formation of a strong cyanide coordination bond with Fe3+. 36 In this work, a significant negative 

shift in the redox-couple potential by 0.11 V was observed with ZIF-8-derived and (CM+PANI)-

Fe-C catalysts after replacing HClO4 with H2SO4. However, since no change in the ORR activity 

was measured, the bisulfate adsorption does not appear to affect the active site(s). Recently, Li et 

al.24 investigated the site-blocking effect arising from Fe3+-OHads and its role in limiting the ORR. 

The authors suggested that the active site blocking effect could be used as an activity descriptor. 

It was concluded that the ORR activity was inversely dependent on the OHads surface coverage, 

whereby an increase in the Fe3+/Fe2+ redox-couple potential resulted in an increase in the fraction 

of unoccupied sites and, consequently, in improved catalytic activity. In contrast, DFT calculations 

point to possible enhancement in the ORR activity of FeNx sites in PGM-free catalysts once 

coordinated by an OH ligand from spontaneous decomposition of water.37 The results reported in 

this work for two active PGM-free catalysts do not follow the aforementioned trends, with no 

correlation observed between the ORR activity and the redox-couple potential.  

According to the hypothesis that the FeNx moieties involving pyridinic and/or pyrrolic 

nitrogen are the active sites,10,12,13,38-40 the adsorption of bisulfate on the surface could have an 

impact on the ORR. Adsorption of the electron-rich bisulfate at or near the pyridinic/pyrrolic 

nitrogen atoms can result in increased availability of the nitrogen lone electron pairs, increased 

basicity,41,42 and enhanced σ donation to the Fe atoms in FeNx moieties. An increase in the electron 
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density at the Fe atom would lead to a negative shift in the Fe3+/Fe2+ redox potential.43 Such a shift 

is observed in the voltammograms and can involve Fe-containing moieties, but other species can 

also behave similarly. The reversible potential of any redox-active surface species near the 

adsorbed bisulfate can be affected the same way. Since no change in the ORR activity was 

measured for the ZIF-8-derived and (CM+PANI)-Fe-C(Zn) catalysts, the observed redox-couple 

is unlikely to be the ORR active site in these two catalysts or, for that matter, alter the electronic 

state of the active site.  However, there is still a possibility of a direct link between the redox 

potential and the ORR if the bisulfate ion is displaced by the dissolved oxygen in the electrolyte 

during the ORR. Further studies are needed to understand a possible indirect role of the surface 

redox couple in the ORR on Fe-based PGM-free catalysts. 

4 Summary 

The electrochemical behavior of ZIF-8-derived and (CM+PANI)-Fe-C(Zn) ORR catalysts was 

studied. A reversible redox couple was identified in the voltammetry recorded for both catalysts. 

The redox-couple potential was determined to be 0.77 V in 0.5 M HClO4 and between 0.62 and 

0.66 V in 0.5 M H2SO4 signifying a strong correlation between the redox couple potential and 

bisulfate adsorption. No correlation between the redox potential and the ORR activity was 

observed for the ZIF-8-derived and (CM+PANI)-Fe-C(Zn) catalysts. Based on its behavior in 

solutions with different pH, it is concluded that the observed voltammetry does not arise from the 

reduction/oxidation of quinone/hydroquinone-type species. These electrochemical observations 

call for the re-examination of ORR mechanistic studies in PGM-free catalysts. 
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Figure 1. (a) Cyclic voltammetry of ZIF-8-derived catalysts in N2-saturated 0.5 M H2SO4 showing the 
effect of Fe content on the redox couple. (b) ORR polarization plots; 0.5 M H2SO4. 

 

(a) (b) 
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Figure 2.  (a) Cyclic voltammetry of ZIF-8-derived catalyst (2.15 wt% Fe) in N2-saturated solution 
showing effect of electrolyte composition on the redox-couple potential. (b) LSV plots in O2-saturated 
0.5 M HClO4 and 0.5 M H2SO4. 

  

(a) (b) 
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Figure 3. (a) Cyclic voltammetry of (CM+PANI)-Fe-C(Zn) catalyst in N2-saturated solution showing the 
effect of electrolyte composition on the redox-couple potential. (b) PSC plots in O2-saturated 0.5 M HClO4

and 0.5 M H2SO4. 

(a) (b) 
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Figure 4.  (a) Cyclic voltammetry of ZIF-8-derived (2.15 wt% Fe) catalyst in N2-saturated solution showing 
effect of pH on redox-couple potential.  (b) Cyclic voltammetry of (CM+PANI)-Fe-C(Zn) in N2-saturated 
solution showing effect of pH on redox couple potential. 

(a) (b) 
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