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Abstract 

We show that gaseous nitric oxide(NO) and oxygen(O2) are useful molecular probes for Fe-NC 

catalysts. We examine using gaseous NO in a temperature programmed desorption experiment with 

using it in an electrochemical experiment. Gas phase O2 adsorption is almost exclusively desorbed as 

CO2, and continued exposure to oxygen increases the amount of chemisorbed oxygen.   The oxidation 

state of the carbon surface is an important activity determining factor, and under normal 

“electrochemical” conditions many of the active sites are blocked. Treatment at 600oC in Ar can free 

those sites for oxygen adsorption. However, under atmospheric storage, and especially during the 

oxygen reduction reaction (ORR), the surface quickly becomes deactivated with chemisorbed oxygen 

species and water.  We demonstrate that Fe-NC can be super-activated by reductive electrochemical 

treatment, both in an electrochemical cell and in a fuel cell. The energy gained following the treatment 

is significantly larger than the energetic cost. 

1. Introduction 

The activation of oxygen is crucial for electrochemical energy conversion in fuel cells and for the 

catalysed oxidation of chemical compounds. The most active known catalysts for oxygen 

(electro)catalysis are platinum group metals and alloys[1, 2]. However, these materials come with a 

high cost and are easily poisoned[3]. Therefore, alternatives are desirable.  

A group of non-precious metal catalysts based on carbon which is doped with nitrogen and iron or 

cobalt, consist of abundant elements and show promising activity with interesting poison tolerance 

[4-10]. These materials have been extensively investigated for the electrochemical oxygen reduction 

reaction and recently for heterogeneous catalysis, such as epoxidations, oxidations and 

hydrogenations as well[11-14].  

However, the activity of these materials is still significantly lower than their precious metal 

counterparts[15]. A better understanding of the underlying mechanisms which are responsible for the 

catalytic activity might enable improvement of these materials and allow other applications such as 

the activation of other small molecules.  

The current consensus in the literature is that the metal species are present in the material as atomic 

active sites, embedded in the carbon matrix through coordination with 2 to 4 nitrogen atoms, which 

are present as pyridinic or pyrrolic nitrogen in the carbon lattice[8]. Although several high-quality 

publications offer insight into the physicochemical properties of these materials and important 

structure-property relationships have been established, the exact source and underlying mechanisms 

of catalytic activity are still nebulous[16-18]. Previously, Malko et al. found that nitric oxide (NO) and 

nitrite (NO2
-) can be used as electrochemical probes and the material can be poisoned and recovered 

via electrochemical nitrite stripping[3] (shown as the red dotted pathway in Figure 1).  
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Recently, Choi et al. showed that the work function seems to be correlated with the electrochemical 

activity, implying that not only the active site, but also the surrounding electronic environment are 

important factors in determining the activity[19]. Kneebone et al have also used NO as a gas phase 

probe molecule to study this class of catalysts using Mössbauer and nuclear resonance vibrational 

spectroscopy[20].   

 

Figure 1 ¦ Experimental approach used in this paper. Combined electrochemical (lower half)  and gas phase temperature 

programmed desorption (upper half) experiments associated with the quantification of Nitric oxide (NO, as a gas or as 

solution phase nitrite) blocking of sites responsible for oxygen reduction in acidic electrolytes. The red dotted path represents 

the Nitrite poisoning approach to quantify the number of active sites[3]. 

Here we show that NO can be used as a probe for Fe-N/C catalysts in chemisorption apparatus (top 

pathway in Figure 1) coupled to electrochemical and spectroscopic experiments (bottom pathway in 

figure 1). The Fe-NC catalyst used in this paper is the same as used in that paper and has already been 

extensively tested[3, 11, 21-25] and benchmarked against other Fe-NC catalysts[26]. It is shown via 

Mössbauer to consist virtually entirely of single atom D1 and D2 sites at an Fe loading of 1-1.5 wt%.[26] 

We examine this catalyst through three different sequential sets of experiments which can either take 

place in the gas phase or electrochemical phase. In all cases we start with a  “cleaned” catalyst (600oC, 

Ar), Figure 1. In the first preparation phase, the catalyst is either exposed to (gas phase) oxygen or 

exposed to the electrochemical ORR environment, or used without any treatment (preparation phase, 

figure 1).  In the poisoning phase, the catalyst is poisoned by either gas phase NO adsorption in a 

Temperature programmed desorption (TPD) apparatus or solution phase nitrite adsorption (poisoning 

phase, figure 1). Finally, we examine the electrochemical performance of the catalyst following the 

poisoning step and the amount of NO adsorbed in electrochemical or gas phase systems (Evaluation, 

Figure 1).   

The combination of electrochemical and gas phase TPD experiments allow us to obtain a better 

understanding of the surface. In moving from the left hand side to right hand side of Figure 1 it will be 
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appreciated that there are 12 possible types of experiments and we examine almost all of them. We 

show that catalyst ORR activity is not only governed by the nature of the active site, but also by the 

state of the carbon surface surrounding the active site. Tracking gas adsorption and desorption of NO, 

O2 and CO2 on Fe-NC and correlating the results with XPS, Mössbauer and electrochemical activity we 

show that complex surface processes on the catalyst are important when considering the 

electrochemical activity towards oxygen reduction. Finally, we show that the catalyst can be super-

activated via reductive treatment, and that this process is effective in an operational fuel cell. This 

implies that by modifying the carbon surface rather than the alleged iron active site it is possible to 

improve the catalytic activity. These rather unexpected results show that it is important not only to 

focus on the active site, which is believed to be the iron itself, but the overall catalytic system, when 

aiming to improve the activity of these materials.  

2. Experimental 

2.1 Catalyst Synthesis and properties: Fe-N/C (1.5±0.2 wt % iron determined via x-ray fluorescence) 

and nominally iron free, N/C (60±20 ppm iron via x-ray fluorescence) were prepared according to a 

previously reported method as described in supplementary section S1. Further details of the synthesis 

are described in [3, 23] and within which are complete characterisation details including XPS, TEM, 

HR-TEM, Lattice spacing analysis, X-Ray Fluorescence, and BET analysis. Note that this is the same 

catalyst which has undergone a benchmarking study against a number of other Fe-NC catalysts 

described in[26].  These catalysts have been extensively characterised and are composed of Fe-N4 sites 

with no evidence of any carbide and minimal nitride phases in XRD, TEM microscopy[3, 26], and 

Mössbauer spectroscopy (minor contribution of nitride and sulfide phases, < 6.6 %, see below).  For 

comparison, a high surface area carbon black with similar microporous surface area (Ketjen Black 

EC600-JD) was also tested (surface area measurements of all catalysts in Section S2).  

2.2 Gas sorption analysis: All TPD experiments were carried out using a Micromeritics Autochem 2920 

with an MKS Cirrus Mk2 mass spectrometer attached. All gases used are research grade (BOC 

industrial gases, UK). In all experiments, argon is used as the carrier gas, pure oxygen and 1% nitric 

oxide in argon are used to expose the samples to oxygen and nitric oxide respectively, while 1% CO2 

in argon, 2% O2 in argon and 1% nitric oxide in argon are used to calibrate the mass spectrometer. The 

argon line runs through and oxygen and moisture traps (120cc Supelpure-O Oxygen/Moisture Trap, 

Sigma-Aldrich) to remove residual oxygen and water, while the oxygen and 1% nitric oxide lines run 

through moisture traps (200cc Supelpure Molecular Sieve 5A Moisture Trap). For experiments, 

approximately 20 mg of sample is placed on quartz wool in a quartz U-tube and the sample loaded 

into the equipment. Unless otherwise stated, all samples are first purged for at least 5 mins with argon 

before heating to 600 °C to clean the sample of adsorbed species. The sample is then exposed to the 

test gas (either 1% NO or oxygen) for 1 hour, before 1 hour of purging with argon. TPDs are then 

carried out using a ramp rate of 20 °C/min and a final dwell of 10 mins at the target temperature (600 

°C except in the case of the cycling experiments, where 200 or 300 °C are used). After the completion 

of selected experiments the mass spectrometer was calibrated for nitric oxide, carbon dioxide and/or 

oxygen concentrations by flowing a selection of mixtures of the calibration gases with argon to create 

a calibration curve. 

For NO TPDs, peak fitting was carried out in Origin, using a Gaussian fit for the high temperature peaks 

and a log normal fit for the low temperature peak. Activation energies and reaction orders were 

carried out according to the method of Parker, Jones and Koel21 using the Gaussian fit of the high 

temperature peak. This involves plotting ln(-dθ/dt)-nln(θ) against 1/T, where θ is the coverage, n is 

the reaction order and T is the temperature. For the correct value of n this gives a straight line in the 

region of the peak maximum, with a gradient of Ea/R where Ea is the activation energy and R is the 
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gas constant. Because the actual coverage is not known it was assumed that the coverage was 100% 

at t=0 and 0% at the end. This assumption makes no difference to the value calculated for the 

activation energy or the reaction order. 

2.3 Surface Science analysis: X-ray photoelectron spectroscopy was performed under ultrahigh 

vacuum (UHV) on a hemispherical energy analyser PHOIBOS 150 from Specs™ Surface Nano Analysis 

GmbH, using an Al Kα X-ray source XR50M with an energy h of 1486.6 eV and a line width of 0.85 eV. 

Electron detection was ensured by a CEM 9 Channeltron extended range channel electron multiplier 

detector from Specs™. Evaluation of the obtained spectra was performed using the program CasaXPS 

(Version 2.3.19PR1.0, Casa Software Ltd.), with all peaks referenced to literature assignments. Indium 

foil was used as substrate for the analysed catalyst powder. Peak fitting was done using a 30/70 mixed 

Gaussian/Lorentzian line shape and a Shirley background. Fine scan spectra were obtained from the 

regions for Fe 2p, N 1s, C 1s, O 1s and S 2p. The dwell time and energy step width for all fine scan 

spectra was 0.1 s and 0.05 eV, respectively, with a pass energy of 10 eV. For the N 1s and C 1s fine 

scan spectra 45 and 5 scans, respectively, were applied. 

2.4 57Fe Mössbauer spectroscopy: 57Fe Mössbauer spectroscopy was performed at room temperature 

in transmission mode using a scintillation detector for data acquisition and a 57Co/Rh source to 

generate the relevant 14.4 keV gamma radiation. Measurements were made with triangular reference 

waveform with a 1024 multichannel analyser. The velocity axis is calibrated with respect to alpha iron 

(25 µm thickness, 99.99 % purity). For the assignment of iron species Lorentzian Site Analyses using 

the Recoil program were performed for the investigated catalysts.  

2.5: Electrochemical analysis: For the electrochemical experiments using the Rotating Ring Disk 

Electrode (Pine Instruments, model AFE6R1AU having a mirror polished glassy carbon as disk and 

rotator model AFMSRCE), the catalyst was deposited on the glassy carbon disk following a procedure 

described in the literature. A three compartment electrochemical glass cell was used for the aqueous 

electrochemical tests, the electrolyte 0.5M H2SO4 was prepared by diluting 95% H2SO4 (Aristar, VWR) 

with ultrapure water (MilliQ 18.2 MΩ cm). The RHE reference electrode (self-made) was ionically 

connected to the main compartment of the electrochemical glass cell via a Luggin–Haber-capillary. A 

glassy carbon rod was used as counter electrode and ionically connected to the main compartment of 

the glass cell through a porous frit. Glassy carbon was used instead of Pt in order to avoid 

contamination with catalytically active precious metals. A potentiostat (Autolab, model PGSTAT20) 

was used for potential or current control during the electrochemical measurements. Ultrapure gases 

utilized were, nitrogen and oxygen (BIP plus-X47S, Air products). The nitrite adsorption and stripping 

analysis protocol is described in [3, 24] and were performed using 0.125 M NaNO3 in pH 5.2 acetate 

buffer. Performing the nitrite stripping in slightly acidic environment aids the stripping process and 

contributes to more complete stripping. It is important to utilize a potentiostat with a current 

integrator (or analog linear scan generator) when performing the stripping measurements as normal 

staircase voltammetry will not correctly measure the charges associated with these processes. 

2.6 Single PEFC test: For tests in a single Polymer Electrolyte Fuel Cell (PEFC), the Membrane Electrode 

Assembly (MEA) was prepared as per a procedure described in the literature44. The anode was a 

Johnson Matthey Reformate Cathode Electrode with a loading of 0.4 mgPt cm−2 electrode (Alfa Aesar, 

UK). The high loading was chosen in order to avoid any kinetic limitation induced by the anodic 

reaction. The polymeric electrolyte was a Nafion™ 212 membrane (from Ion Power). For the cathode, 

the Fe-N/C catalyst was quantitatively deposited on a 5 cm2 gas diffusion layer (Toray Carbon Paper, 

Baselayered, TGP-H-60 from Alfa Aesar) as per literature procedure44. Humidity, temperature and gas 

flow rate were controlled using a Scribner FC test station (850e). Potential and current control were 
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performed using a Gamry Reference 3000 potentiostat. Oxygen (BIP Plus, Air Products) flow rate was 

550 mL min-1 and hydrogen (BIP Plus, Air Products) flow rate was 150 mL min-1 in order to avoid the 

possibility of oxidant or fuel starvation, while relative humidity was 100% for both gases and cell 

temperature was maintained at 80oC.  

3. Results & Discussion 

3.1. NO Chemisorption Experiments 

It has been observed previously that Fe-N/C materials are stably poisoned by NO2
-, NO and 

hydroxylamine (NH2OH) in an electrochemical environment[3, 24] and this effect can be used to probe 

the number density and activity of active sites[3]. This approach has also been used to benchmark this 

catalyst against a sample of other Fe-NC catalysts[26] wherein all catalysts are extensively 

characterised.  We were intrigued as to whether NO could be used as a gas phase probe to reveal 

information about the structure of the active site, the mechanism and thermodynamics of the 

poisoning and to count the number of active sites in this class of catalysts as well[20]. Although CO 

has been used previously to estimate the number of active sites for the oxygen reduction reaction 

(ORR)[17], to our knowledge NO had not been used as such a probe molecule in chemisorption 

experiments. Furthermore, the interaction of CO with this class of catalyst is much weaker than with 

the platinum catalysts which are typically used for the ORR. Hence although it is currently hypothesised 

that chemisorbed CO binds to the same site in the Fe-NC catalysts as is used to perform the ORR, it is 

not possible to test this hypothesis as CO cannot be used to poison the catalyst in an electrochemical 

environment. If NO could be shown to interact with these Fe-N/C catalysts in the gas phase, then this 

would give us a useful bridge to the performance of the catalysts poisoned by NO in an electrochemical 

environment and to ascertain if both gas-phase/electrochemical processes are probing the same site.  

Because of the above-ambient temperature binding of the NO, we are more easily able to control 

experimental parameters such as heating rates, allowing a much wider range of desorption 

experiments providing information on the kinetics and thermodynamics of the desorption. 

Furthermore, in these experiments we utilised chemisorption instrumentation with a mass 

spectroscopy detector, so we could determine the chemical nature of the species desorbed from the 

surface rather than the thermal conductivity detector often used in the CO adsorption analysis[17]. 

Fe-N/C samples were pre-treated to 600 °C in Ar for 10 mins and cooled before being exposed to 

flowing 1% NO in Ar at STP for 1 h. Temperature programmed desorption (TPD) was then carried out 

on the NO-treated material, heating at 20 °C min-1 to 600 °C in flowing Ar, figure 2(a).  It is interesting 

to note that the NO adsorption occurs at room temperature, whereas the gas phase CO adsorption on 

these catalysts only occurs at low temperature (193 K)[17]. For comparison, we also performed 

experiments on the Fe-N/C catalyst which had been dried but not heat-treated in Ar at 600oC (“Fe-

N/C no-HT”). On heating, the NO desorbs and can be detected by mass spectrometry (figure 2a). We 

observed that for the Fe-N/C material there were two desorption peaks, a lower temperature peak 

with a temperature of ~94 °C, and a higher temperature peak with a temperature of ~149 °C which 

appears as a shoulder on the larger low temperature peak. Two peaks have also been observed during 

the TPD of CO adsorbed on similar catalysts (although in that case the absorption must be performed 

at 193K and the peaks desorb at much lower temperatures)[17, 27].  

 

  



6 
 

 

Figure 2 ¦ Gas phase NO poisoning and recovery of Fe-N/C catalysts. (a) Temperature programmed desorption curves for 

NO adsorbed onto Fe-N/C compared to N/C, and carbon black (Ketjen Black EC600-JD ), all heat treated at 600 °C in Ar before 

NO adsorption except for “Fe-N/C-no HT”, which was just dried. (b) Breakdown of the NO desorbed in (a) into high and low 

temperature components (bars), and for the Fe-N/C sample iron content and number of ORR sites (dashed lines) (see SI for 

details); (c) Temperature programmed desorption curves for NO adsorbed  onto Fe-N/C, Fe-N/C exposed to 1% NO then 

flowing Ar for 10 hours at 40 °C and Fe-N/C exposed to 1% NO then held at 115 °C for 1 hour under flowing Ar. (d) Breakdown 

of the NO adsorbed in the peaks in (c) into high and low temperature components;  (e) Electrochemical oxygen reduction 

curves for 600 oC cleaned Fe-N/C catalyst (unpoisoned) and the same catalyst treated with 1% NO in the gas phase for 1 hour 

(poisoned). This latter catalyst was also subjected to heat treatment at 600 oC to regenerate the initial activity (fully 

recovered). For comparison, the electrochemical ORR performance of a poisoned catalyst which has been heat treated at 

115 oC for 1 hour in flowing argon is also shown (partially recovered). Inset: ORR curves for the same catalyst poisoned by 

solution phase NO. Electrochemical results performed in 0.5 M H2SO4, 1600 rpm, 5 mV s-1, loading: 0.26 mg cm-2. Solution 

phase NO poisoning performed by immersion of RDE electrode in a saturated nitric oxide/0.5 M Phosphate buffer solution 

at pH 7. (f) NO TPD for Fe-N/C samples exposed to increasing number of pulses of NO (1 pulse = 0.3793 mL of 1% NO).  Inset: 

Graph of the fitted high temperature NO TPD peak for Fe-N/C exposed to 1% NO for 1 hour (black line) and the curve of ln(-

dθ/dt)-nlnθ against 1/T for n=2 (black squares) and associated linear fit (dotted red line).  
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Figure 2(b) is a bar graph showing the amount of NO adsorbed on each type of site for each of the 

different catalysts in figure 2(a) (see S3 for details of peak deconvolution procedure). On the Fe-N/C 

catalyst, the amount of NO adsorbed in total was 212 µmolNO gFe-N/C
-1 , with 81 µmolNO gFe-N/C

-1 on the 

low temperature peak and 131 µmolNO gFe-N/C
-1 on the high temperature peak i.e. one NO molecule for 

every 4 nm2 of total surface (see SI for BET data), or a separation of 1.3 nm between each NO molecule 

assuming hexagonal packing (if only the micropores are filled, this would corresponds to 3.3 nm2 per 

NO and 1.1 nm separation). For context, the total amount of iron in the sample is 270 µmolFe gFe-N/C
-1 

(dashed magenta line in the inset) -  If all the iron is accessible and the NO only binds to those sites 

then 79% of the iron atoms would have NO bound to them. In contrast, our previous experimental 

work on this catalyst shows that the total number of sites active for the majority of the ORR current 

correspond to 12 µmol gFe-N/C
-1 [3](dashed olive line in the inset, i.e. equivalent to 4.4% of the iron in 

the sample). Hence much more NO is bound than can be explained on the basis of the 

electrochemically active sites.  

NO gas phase adsorption was also carried out on a metal-free sample (N/C) prepared in the same way 

as the iron containing sample but without addition of any iron[3] and on a heat-treated carbon black 

(Ketjen Black EC600-JD). The amounts of NO adsorbed on these samples were far lower, only 70.1 

µmolNO gN/C
-1 total NO adsorption in the case of the metal-free sample. This value is 3 times lower than 

that for the heat-treated Fe-N/C material, but very much larger than the total iron content in these 

“metal free” samples which contain less than 1 µmolFe gN/C
-1. The metal-free sample also displays high 

and low temperature peaks, with 39.3 µmolNO gN/C
-1 on the low temperature peak and 30.8 µmolNO 

gN/C
-1 on the high temperature peak. These values are approximately two and four times less than the 

same values for the heat-treated Fe-N/C material. Note that the high temperature peak in the metal-

free material is not very well fit using the same fitting parameters as in the Fe-N/C material, perhaps 

indicating that the mode of adsorption is different. For carbon black the amount of NO adsorbed was 

10 µmolNO gcarbon
-1, with only one, low temperature, peak present. This demonstrates that the sites 

which bind NO are far more prevalent in the Fe-N/C material than in the metal-free N/C material or 

the carbon black.  

If we perform the NO TPD experiment on an Fe-N/C sample which has not been heated to 600oC before 

the NO adsorption (“Fe-N/C-no HT”, dotted black line), we adsorb much less NO. Compared to the 

heat treated sample the low temperature peak shows a little under half as much NO adsorbed, 

whereas only about 1/10th as much NO is adsorbed in the high temperature peak. It is interesting that 

the amount of NO adsorbed in the high temperature peak is  15 µmolNO gFe-N/C
-1, similar to the value 

we obtain by NO adsorption and electrochemical stripping in an electrochemical cell[3]. We will return 

to this aspect below. 

Removal of the majority of the NO associated with the low temperature peak may be accomplished 

by heating the NO-poisoned catalyst to 115 °C under flowing Ar for 1 h (figure 2c). TPD after this 

treatment showed that there was 120 µmolNO gFe-N/C
-1 of NO remaining on the sample, with a peak 

maximum of 135 °C, indicating that the treatment had been successful in removing most of the low 

temperature NO. A similar effect to the heat treatment could also be accomplished by simply holding 

the catalyst at room temperature under flowing argon for 10 hours.  See Figure 2(d) for a breakdown 

of NO distribution as a function of treatment regime for the response in figure 2(c).  

In order to try and correlate NO gas-phase poisoning of the oxygen reduction sites of these materials, 

we also electrochemically tested the heat-treated and gas phase NO treated catalyst for activity 

towards the ORR using the rotating disk electrode approach, figure 2(e) (details in section S4).  The 

degree to which the ORR is poisoned by the ex-situ NO gas phase treatment corresponds to a -50 mV 

shift in the ORR voltammogram, or about a 5 to 13-fold decrease in the kinetic current in the potential 
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range 0.80-0.85 V (section S5a), corresponding to an 80-92% reduction in ORR current. This is similar 

to the degree of poisoning achieved when an electrode composed of Fe-N/C is immersed in a NO-

saturated phosphate buffer solution at pH 7 ( E = 60 mV, figure 2(e) inset)[24]. This shows that the 

gaseous phase NO treatment poisons the catalyst in a similar manner to liquid phase NO or liquid 

phase nitrite.  Treating the gas phase NO treated Fe-NC at 115oC for one hour and performing the ORR 

measurement shows the same degree of poisoning. This suggests that it is the high temperature NO 

which results in catalyst poisoning.   By comparison the N/C catalyst shows no deactivation when 

treated by either gas-phase or solution-phase NO [24](see section S5b). In contrast, if the sample is 

treated at 600 °C in Ar after poisoning with NO, then the activity is fully recovered to the same level 

as the original sample (figure 2e, fully recovered). This clearly suggests that it is the NO associated 

with the high temperature TPD peak which is responsible for the poisoning of the ORR, and that the 

low temperature NO is only present as a spectator species, as the catalyst shows a similar degree of 

poisoning in the absence of that NO.  

However, there remains a conundrum. Our electrochemical stripping measurements on the same 

catalyst only shows 12 mmolNO gFe-N/C
-1 of adsorbed NO[24], whereas the chemisorption results show 

an order of magnitude higher amount of strongly adsorbed NO (120 µmolNO gFe-N/C
-1 ). Note that Malko 

et al found that at high nitrite concentration there was a non-specific adsorption of nitrite on the 

surface, and that this extra nitrite was relatively easily removed (see supplementary figure 20 and 

supplementary note 2 in reference [3]), suggesting a commonality between the gas phase and 

electrochemical experiments. Others too have seen an effect on the degree of poisoning with the 

amount of nitrite in solution[28]. Our conclusion is that under normal electrochemical/fuel cell 

conditions the majority of the NO adsorption sites (90% on the basis of the high temperature NO peak 

size in figure 2(a)) are blocked with adventitious adsorbates, the justification for which will be given 

below.  Furthermore, the strongly adsorbing NO corresponding to the high temperature peak are 

adsorbed on sites which are responsible for the majority (80-92%) of the ORR in acid solution. 

In order to better understand the nature of the NO adsorption on the samples, we performed pulse 

chemisorption experiments on the Fe-N/C catalysts used in figure 2(a). In these experiments we 

exposed the Fe-N/C samples to a fixed number of metered pulses of NO followed by TPD to study the 

energetics of the desorption process. The number and size of pulses were chosen to be in the domain 

where the sample is far away from saturation, and hence we do not see the low temperature NO 

desorption peak. The amount of NO desorbed is around a third of the total amount expected to be 

desorbed from the high temperature peak.  

The change in peak position of the NO desorption and size with increasing amounts of NO on the 

surface is shown in figure 2(f). The peak maximum during NO desorption moves to lower temperatures 

and the high temperature edge of the peaks lines up for all levels of NO adsorption. Such a variation 

of peak shape with pulse number is qualitatively characteristic of a second order desorption process. 

Further information and confirmation of this assignment was achieved by performing analysis of the 

TPD measurements.  

Deconvolution of the peaks to estimate the kinetic order of desorption[29] and activation energy was 

performed (see section S3 for details), giving a straight line for n=2, inset in Figure 2(f), again indicative 

of a second order desorption. The activation energy of the high temperature peak is found to be 46.1 

kJ mol-1 which is indicative of a relatively weak chemisorption. These values are far below previously 

reported theoretical binding energies of NO to iron complexes of porphyrins and phthalocyanines 

(five-fold and six-fold coordinate iron), which range from 146 – 183 kJ mol-1 [30-32], while a study on 
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NO adsorption on initially four-fold coordinated ferrous Fe-N4 (intermediate spin) substituted into 

graphene sheets found an even stronger binding energy of 211 kJ mol-1 [33]. 

Both the order of desorption of NO and the activation energy as measured by these TPD experiments 

are therefore inconsistent with a model which has NO binding to Fe sites similar to Fe-N4 sites such as 

those in porphyrins. These would exhibit a first order desorption (since the only process occurring is 

the severing of a single NO bond to an Fe site) and as described above the activation energy for this 

would be expected to be much higher. Therefore, a new model for the binding of NO is required.  

Previous work examining NO gas-phase adsorption on carbon has documented a second order 

desorption (n=2), and this has been ascribed to either the formation of NO dimers on the surface or 

that dimers are intermediates in the adsorption and desorption[34]. This causes a second order 

desorption to be observed as two processes are occurring – the severing of the NO dimer followed by 

the desorption of two NO molecules.  

Interestingly, this behaviour has also been observed on activated carbon fibres, with more NO 

adsorbed by the fibres produced from PAN compared to those produced from cellulose or pitch[35]. 

This increased NO adsorption has been linked to nitrogen doping in other studies[36], while further 

studies demonstrated large increases in both the uptake and rate of uptake of NO upon impregnation 

of transition metal species such as iron and copper hydroxides[37, 38]. It has also been observed that 

NO adsorption on carbon is kinetically limited[39]. These observations are explained by a 

chemisorption-assisted spillover process[40], with NO filling micropores[41].  

Measured heats of desorption are normally slightly lower than that measured here, for example 27 kJ 

mol-1  [38, 41] or 42 kJ mol-1  [34] but these are still in the weak chemisorption range as we measured. 

This interpretation of NO filling micropores is in reasonable agreement with literature regarding 

quantities of NO adsorbed[40, 41]. Our sample has a measured microporous volume of 0.123 cm³ gFe-

N/C
-1, with a total uptake of NO of 212 µmolNO gFe-N/C

-1 , while for example Alcañiz-Monge et al. measured 

a microporous volume of 0.13 cm³/g with an NO uptake of 300 µmolNO gcarbon
-1 after one hour of 

exposure to 5% NO/He for an iron and nitrogen-doped carbon[40]. The volume of adsorption we 

measured (212 µmolNO  gFe-N/C
-1) is equivalent to 5% micropore filling relative to the density of liquid 

NO (1.06 g cm-2). Alternatively, if we assume that the NO dimers are solely adsorbed on the surface of 

the micropores, we can calculate a surface area from the literature value of the size of the dimer 

molecule[42]. This gives a surface area of 12.4 m² gFe-N/C
-1, significantly less than the value of 

microporous surface area ( 421 m² gFe-N/C
-1, SI section S2). 

3.2. XPS and Mössbauer analysis 

The hypothesis that NO is binding to the carbon surface would then seem to be consistent with the 

TPD results as described above. In order to further investigate this hypothesis we used XPS which is 

able to measure the interaction of the NO with the surface of the sample, along with Mössbauer 

spectroscopy which is highly sensitive to the coordination environment of the iron[43]. 
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Figure 3 ¦ XPS of Fe-N/C and N/C catalysts as a function of poisoning. (a) Comparison of the N1s regions of the 

unpoisoned Fe-N/C with the NO gas-phase poisoned, partially recovered (115 °C) and fully recovered catalysts 

and for reasons of comparison N/C catalyst in unpoisoned and poisoned states. In (b) the difference spectra of 

the Fe-N/C catalysts in relation to the unpoisoned one are shown. (c) Comparison of the C1s regions of the 

unpoisoned Fe-N/C with the NO gas-phase poisoned, partially recovered (115 °C) and fully recovered catalysts 

and for reasons of comparison N/C catalyst in unpoisoned and poisoned state. 

To get a better idea of how the NO interacts with the surface, X-ray photoelectron spectroscopy (XPS) 

was performed. The N1s regions of unpoisoned samples of both Fe-N/C and N/C (figure 3a) show two 

broad peaks at 398 and 401 eV, which encompasses the region in which peaks due to pyridinic, pyrrolic 

and graphitic nitrogen are found. In the samples exposed to gaseous NO in the same way described 

above, a broad peak appears between 404 and 408 eV that could be attributed to the formation of 

NO-interacting with FeN4 sites (405 eV),  NO2 (405.2 eV) and NO3 (407.5 eV)[44, 45] (see difference 

spectrum in figure 3b). However, in the sample of Fe-N/C which was heated to 115 °C after exposure 

to NO, this peak has largely disappeared, indicating that it is related to the low temperature NO 

desorption peak, which is not involved in the poisoning. In this sample, the region around 403 eV is 

more pronounced than in the unpoisoned sample. This would be consistent with the binding of the 

high temperature NO being as a dimer, since XPS peaks assigned to NO dimers have been seen in this 
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region in literature studies on NO adsorption on V, Ni and MoS2[46, 47]. However, the N1s region is not 

conclusive to understand the interaction of NO with our Fe-N/C catalyst. Neither the poisoned or 

unpoisoned KB600 showed any response in the N1s region (see supplementary S6). 

Another possible interaction is the direct adsorption of NO on the carbon. Indeed, the C1s spectra 

(normalized to 284.5 eV intensity, figure 3c) show that the poisoned samples reveal a shift towards 

lower binding energies, indicative of an increase in electron density on the carbon. This shift is found 

in the Fe-N/C exposed to NO and the sample heated to 115 °C after poisoning, and returns to its 

original position after heat treatment at 600 °C, suggesting that it must be associated with the high 

temperature NO.  Interestingly the poisoned N/C sample also shows this shift whereas KB600 shows 

no shift on adsorption of NO (supplementary figure S5) 

Mössbauer spectroscopy was also performed, and the spectra of all Fe-N/C catalysts are almost 

identical (see Supplementary Information, Table S2 for Mössbauer parameters and supplementary 

figure S7 for the individually fitted Mössbauer spectra) with < 6.6 % nitride and sulfide species. The 

remaining content is most possibly assigned to FeN4 sites, only. Accordingly, 1.4 wt% Fe or ca. 250 

µmol FeN4 gFe-N/C
-1 are present in the catalyst. Assuming a homogeneous distribution over the overall 

surface area, this would correspond to 3.5 nm2 per FeN4-site (or 2.8 nm2 per FeN4 site if only the 

micropore surface area is considered). In the presence of NO the Mössbauer spectra are almost 

unchanged. If only the 12 µmol gFe-N/C
-1 measured by the electrochemical method is adsorbed directly 

on an FeN4 site, a change of < 5 % of the Mössbauer spectrum would be expected. A test of simulating 

the spectra with 5 % of the absorption attributed to an FeN4-NO interaction (see Kneebone et al. for 

the related Mössbauer parameters[20]) confirms that such change would be hard to see (not shown).  

3.3. Oxygen chemisorption and deactivation of the catalyst 

Because of the findings that the majority of NO is binding to carbon, we reason that the carbon must 

be in some way important for the ORR activity. We exposed the Fe-N/C to O2 then performed TPD to 

examine the interactions of oxygen with the catalyst (figure 4a). TPD monitoring the concentrations 

of CO2 and O2 reveals that a small amount of oxygen (0.7%, or 1.4 µmolO2 gFe-N/C
-1) is reversibly 

adsorbed but the bulk is desorbed as CO2. In total, 195 µmolO2 gFe-N/C
-1 of oxygen is desorbed either as 

CO2 or O2 which can be compared to a total of 270 µmolFe gFe-N/C
-1 of iron. While this is strikingly similar 

to the value of 212 µmolNO gFe-N/C
-1 for NO adsorption, the species are adsorbing on different sites as 

the quantity of NO adsorbed is not reduced by pre-adsorption of O2 and vice versa (see supplementary 

information section S8 for more details).  

The reversibly adsorbed O2 desorbs at around 70 °C, like NO desorption, a temperature which is 

characteristic of micropore filling. A supercritical gas would not desorb at such elevated temperatures 

in the absence of micropores or other specific binding sites[48]. CO2 desorption occurs in two steps.  

There is a particularly low temperature desorption of CO2 at ~90 °C with a well-defined peak followed 

by much broader emissions (centred around 200 oC) until around 500 °C where the CO2 emissions 

begin to increase rapidly. Low temperature emission of CO2 after exposure to oxygen has been 

previously observed on graphene and attributed to hydroxyl and epoxide groups[49, 50].  
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Figure 4 ¦ Quantification and effect of oxygenated species on electrochemical ORR performance and NO 

adsorption capacity of Fe-N/C catalysts. (a) Amount of CO2 (red) and O2 (blue) desorbed from Fe-N/C after 

exposure to O2 for 1 hour at room temperature (b) Experimental design of the oxygen cycling experiments (top), 

consisting 25 cycles of 1 hour exposure to O2 followed by a heat treatment to 300 °C under Ar and CO2 desorption 

during the cycling (bottom), with the inset showing the total amount of CO2 desorbed during each cycle, which 

decays exponentially with cycle number (c) RDE measurement of the as prepared Fe-N/C catalyst compared to 

a catalyst which was subjected to repeated heat treatment between room temperature and 300 °C for 25 times 

under oxygen atmosphere. Electrochemical results performed in 0.5 M H2SO4, 1600 rpm, 5 mV s-1, loading: 0.26 

mg cm-2, (d) NO TPD before and after the oxygen cycling experiments between room temperature and 300 °C 

showing the large decreases in the high temperature NO peak (dotted lines) after cycling. 

The carbon sites which adsorb oxygen then desorb CO2 at 90 °C seem likely a prime candidate for 

being important for ORR activity. Oxygen adsorbing then desorbing as CO2 must necessarily be 

destructive. Hence we decided to see if we could remove all these sites, and what the effect on activity 

would be. The Fe-N/C material was exposed to oxygen for one hour, then a temperature ramp 

imposed (20 oC min-1) in argon up to a maximum temperature of either 200 oC or 300 °C. The sample 

was then cooled to RT under argon and re-exposed to oxygen for one hour. This was repeated 23 times 

(figure 4b). The TPD shows that the amount of CO2 given off each cycle falls in a sequential fashion, 

figure 4b, main figure). The temperature cycling alone, is not responsible for this decay, as a sample 

cycled in argon for the same period sees no decay in CO2 emission, (see supplementary information 

section S9).    After the full 23 cycles, the amount of CO desorbed per cycle has reduced by 92% when 

cycling to 300 °C (90% in the case of cycling to only 200 °C, see supplementary information section 

S9). The amounts of carbon removed as carbon dioxide correspond to 505 µmolcarbon gFe-N/C
-1 for the 

sample cycled to 300 °C, which is equivalent to 6 mgcarbon gFe-N/C
-1 and leads to a 15% increase of total 
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surface area to 570 m2 gFe-N/C
 -1, and similarly a 13% increase in the micropore volume (see S10 for 

further details).  The decay in CO2 emission almost exactly matches an inverse square root law (line 

drawn on inset in figure 4b), which might be indicative of a diffusion process.   

Despite the low amount of carbon removed, when these samples were tested for electrochemical 

activity, they showed a -28 mV shift of the ORR at 0.8 V or a 55% loss of kinetic current (59% at 0.85 

V). In contrast, the sample cycled with argon instead of oxygen showed only a -3 mV shift. This 

indicates that loss of carbon is important in determining the activity of the sample (figure 4c, see 

supplementary information section S11 for plot of kinetic current density). TPD experiments utilising 

NO on the samples after oxygen cycling show that the high temperature peak of NO had decreased in 

area by 63% for the sample cycled at 200 °C and 71% for the sample cycled at 300 °C, suggesting that 

the cycling also removes the sites the NO binds to (figure 4d). The low temperature peak is largely 

unchanged, showing a 27% decrease in total area, although with a broadly similar peak height 

suggesting that it is caused by NO binding to different sites unaffected by the oxygen cycling.  

There are two possible explanations for this behaviour – either active sites are being permanently 

removed by the thermal cycling, or each time the bare sample is exposed to oxygen, some of the 

oxygen binds to the sample in a form which is not removed by heating to 200 or 300 °C. In order to 

test the latter, after the final oxygen cycle the sample was treated at 600 °C in argon. Heat treatment 

at this temperature has recently been seen as being important during CO chemisorption 

experiments[27]. In our results, during this heat treatment, there is clear evidence of increased 

emission of CO2 and in particular CO in the region above the cycling temperature (see supplementary 

information section S9). This region begins to see the decomposition of more stable oxygen groups 

such as carbonyls[50]. This high temperature treatment results in a 13 mV recovery of the 

electrochemical performance, equivalent to an 48% improvement in the kinetic current at 0.8V (34% 

at 0.85 V, see supplementary information section S11). The 600oC Ar-treated catalyst also sees a 90% 

recovery in the amount of oxygen chemisorption and subsequent CO2 emission during the TPD 

process.   

These results show that when Fe-N/C is exposed to oxygen, there are a limited number of sites where 

oxygen can bind and a small chance of binding as a more stable group which is less easily removed. 

When the oxygen groups are removed, most sites are regenerated allowing the binding of more 

oxygen despite the loss of carbon. These then bind oxygen in similar ratios of high to low stability 

groups. The decrease in availability of sites is reminiscent of a diffusion process on the basis of the 

decay in available sites (Inset, figure 4b). If the lower stability groups are consistently removed, over 

time higher stability groups build up. The build-up of these groups correlates with both lower 

electrochemical activity and lower NO sorption capacity, perhaps implying that the less stable groups 

are involved in both the electrochemistry and the binding of NO.  

3.4. Catalyst reactivation through thermal treatment and electrochemical reduction 

So far, we have shown that both NO and O2 adsorption on the carbon surface can cause deactivation 

of the catalyst. In the case of NO, there is a discrepancy between the amount of NO adsorbed from 

the gas phase (131 µmolNO gFe-N/C
-1  on the high temperature peak for catalyst heat treated at 600oC), 

and the amount determined electrochemically in our previous work (12 µmolNO gFe-N/C
-1)[3]. Hence the 

reason for relevance of the result obtaining by the non-heat treated Fe-N/C sample in figure 2a, which 

achieves a value of 15 µmolNO gFe-N/C
-1, much closer to the value from electrochemical stripping. Only 

by removing the adsorbates by pre-treatment at 600 oC can the sites be recovered and probed by gas 

phase NO measurements. In this case, it appears that the surface is blocked in the same way as seen 

for CO cryoadsorption[27].  The activation energy for the desorption of the NO in the high temperature 
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peak of the non 600oC treated sample, calculated in the same way as described above, is only slightly 

higher, at 64.1 kJ mol-1, and is still second order, indicating that the mode of binding is similar to the 

sample heat treated to 600 °C before NO adsorption. These results caused us to wonder whether the 

as-prepared material is already partially poisoned by strongly bound O2 species and water, and 

whether thermal treatment might be important in freeing the surface of strongly adsorbed oxygen 

species. In order to provide the most appropriate comparison for the poisoned samples, we took a 

sample of Fe-N/C catalyst which had been stored for one year under laboratory conditions (i.e. 

exposed to air, 224 oC), made an ink and tested it on an RDE, figure 5a.  

  
Figure 5 ¦ Recovery of catalyst performance by heat treatment and operando reductive treatment. RDE and 

Fuel Cell results. (a) ORR RDE measurements of Fe-N/C catalyst stored at room temperature for six months, 

reactivation in Ar at 600 oC, and after keeping at room temperature for 3 h before measurement. (b) ORR RDE 

measurements of Fe-N/C catalyst before and after being subjected to a reductive electrochemical treatment at 

-0.3 V vs RHE. Inset: ORR RDE chronamperometry at 0.8 V vs. RHE showing repeated reactivation at -0.3 V vs 

RHE. RDE results performed in O2 saturated 0.5 M H2SO4, 1600 rpm, 5 mV s-1, loading: 0.26 mgFe-N/C cm-2. (c) 

Single cell fuel cell activity of Fe-N/C catalyst operating at a cell voltage of 0.6 V after repeated reactivation at -

0.3 V vs RHE. Loading of Fe-N/C catalyst 4 mgFe-N/C cm-2
 Results performed at 80oC cell temperature, 100% RH at 

both anode and cathode feed, except when dry nitrogen was used as indicated. 

We also took a sample of that same catalyst and heat treated it at 600 oC in Ar for one hour, cooled it 

under argon and produced an electrode and tested it, as rapidly as possible, in order to minimise the 

potential for the sample to react with oxygen from the air. We found that the activity significantly 

improved from 0.65 mA cm-2 @0.8 V vs RHE to 1 mA cm-2 @0.8 V vs RHE, clearly showing that oxygen 

species adsorbed on the carbon are detrimental to the activity of the sample. A second identical 

electrode made of the reactivated catalyst was left for three hours in air and retested, and a slight 

drop in activity was observed, figure 4(a). This activation effect is relatively short-lived, with activity 
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levels slowly returning to normal after exposure to ambient air, showing that the deactivating oxygen 

species are formed rapidly simply by exposure to air, without any effects from operating in an acidic 

fuel cell environment. 

Previously Malko et al have shown that strongly adsorbed NO can be electrochemically reductively 

stripped from the Fe-N/C leading to recovery from poisoning of the ORR[3]. We wondered whether 

the deleterious oxygen groups can also be reductively removed, potentially improving catalyst activity. 

Indeed, reductive treatment has been suggested by others as a way to improve performance[19]. 

When the catalyst is polarised at -0.3 V for 30 s in an RDE, the current increases by 62% at 0.8 V or 

equivalently there is a positive shift of 18 mV (figure 5b). The current then returns back to its original 

value over the next hour. The effect can be repeated multiple times, showing an improvement in ORR 

activity of ~55%.  

We were intrigued to see whether the effect would carry over into fuel cell performance, and indeed 

it does, figure 5(c). In this diagram we show the performance of an operating fuel cell polarised at a 

potential of 0.6 V (for a fuel cell IV curve before these measurements, please see section S12). Initial 

operation of the fuel cell over a period of 30 minutes showed a slow pseudo-linear decay in 

performance of about 1.5 mA cm-2 s-1. Polarisation of the fuel cells for 60 s at -0.3 V increases the 

current density at 0.6 V from 116 mA cm-2 to 134 mA cm-2 (figure 5c). The electrochemical stripping of 

the oxygen groups is rapid and significant – the improvement in activity is only marginally improved if 

the period at -0.3 V is extended from 30 s to 300 s suggesting most of the benefit occurs in the first 

few seconds of polarisation (figure 5c).  

After the cathodic polarisation, the response of the fuel cell relaxes back to the pseudo linear decay 

which we previously saw, however that linear decay is at a higher level than before the cathodic 

treatment. Fitting of these decays to a first-order exponential decay gave a good fit with a common 

time constant for all three transients of 840 s (for details of the fitting procedure, see supplementary 

information section S13). We analysed the average increase in current density associated with the 

negative polarisation of the fuel cell and find that there is an increase of average current density (and 

thus power output) of 10-15%, and that the effect shows a linear increase with the length of cathodic 

polarisation, figure 5c (inset).  

Previous studies have hypothesised that a water flooding effect may be responsible for poor 

performance in these cathode materials. To test whether the period at -0.3 V was simply removing 

water from the pores, we replaced the period at -0.3 V with a period of 5 mins where the cathode is 

flushed with dry nitrogen at open circuit potential. The cell showed little signs of improvement after 

this, indicating that removal of water is not the cause of the improvement. It is intriguing that there is 

a slow degradation of performance which appears unaffected by the reductive transients. This very 

slow degradation might be associated with physical loss of iron from the active sites.  We can 

characterise the effect of the reductive transients not only in terms of the extra power produced but 

also by the increased lifetime of the cell. This extra lifetime comes about because the reductive 

transient leads to a linear decay which is at a higher level than before the transient, and thus an 

increased lifespan of the cell before it reaches any cutoff voltage. We find that for the 30 s reductive 

transient, we increase the cell lifetime by 5300 s (see supplementary information section S13 for 

details). This is an interesting aspect of the reductive treatment – that it not only increases the power 

output of the cell for a transient period, but also effectively increases the lifespan of the fuel cell 

system. 

3.5. Comparison of Fe-NC interaction with NO and O2 in gas phase and liquid phase 

environments 
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In order to summarise the results in this paper, the cartoon in figure 6 compares the effect of the two 

different gaseous species we have studied (NO (left) and O2 (right)), and the two different 

environments (gas phase in the absence of water (upper half) and solution phase in the presence of 

water containing electrolyte (lower half)) as a function of catalyst pre-treatment (aged in air at room 

temperature,  or treated at 600 oC under argon). The centre of this figure, figure 6(a) shows the effect 

of aging and heat-treatment of the catalyst. 

 

Figure 6 ¦ Cartoon of Fe-N/C interaction with O2 and NO in the gas and solution phases (a) aging of catalyst 

after heat treatment at 600oC and exposure to the atmosphere. (b) Gas phase NO chemisorption and how it is 

affected by the state of the catalyst and heat treatment. (c) Solution phase NO adsorption associated with 

aged/O2 exposed Fe-N/C catalysts; (d) Gas phase O2 chemisorption and how the surface state of the Fe-N/C is 

affected by O chemisorption and reaction; (e) Solution phase O2 reaction including electrochemical reactivation.  

When the catalyst is initially produced, or after it has been treated under argon at 600 oC, the 

micropore in which the iron sites are present are free of adsorbates, and the iron sites are unaffected 

by any coordinated species (top). On cooling and exposure to air, water starts to adsorb within the 

micropores, and oxygen coordinates with the iron and then proceeds to spillover onto the surface 

forming chemisorbed oxygen species and further reacting to form carbon species such as epoxides. 

These reactions are probably assisted by the formation of free radical sites at the carbon surface by 

the heat treatment process[51] which then either directly react with oxygen or react with the spillover 

oxygen coming from the iron site.  

Over longer periods on storage in air, more water adsorbs in the micropores, and the chemically bound 

oxygen species convert into more intractable species such as aldehydes. This process deactivates the 

catalyst through two different mechanisms. First, it decreases the available sites surrounding the 

catalyst available to accept spillover oxygen (e.g. consider the decay in oxygen adsorption with 
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number of cycles of oxygen exposure – inset in figure 4b); and secondly as has been found in literature, 

modification of the carbon surface modifies the local electronic environment of the iron via local shifts 

in the Fermi level[19].  

The gas phase adsorption of NO in the absence of water, figure 6(b), involves the adsorption of NO on 

the Fe sites and subsequent spillover onto the surface of the micropore and beyond. Heating the 

sample for one hour under argon desorbs the NO not in micropores. In contrast, if the sample is 

treated with gas phase NO without preheating the sample to 600 oC in argon, then the adsorbed water 

and strongly bound oxygen drastically reduce the amount of NO adsorbed, giving similar amounts to 

that found in solution phase adsorption, figure 6(c). During solution phase adsorption of NO, those 

NO blocked sites lead to a reduction in ORR activity which is measured and related to the catalyst 

turnover number.  

Gas phase oxygen sorption, figure 6(d), is in many ways similar to NO sorption, relying in part on a 

spillover mechanism associated with the oxygen adsorbing on the Fe. However, in this case, instead 

of desorbing as O2, > 99% of the oxygen desorbs as CO2 suggesting that the majority of the oxygen is 

bound to the carbon in the form of relatively easily decomposed groups such as epoxides, although a 

small amount of oxygen goes on to form more intractable oxygen containing species such as aldehyde.  

On repeated exposure to oxygen the amount of strongly adsorbed oxygen species grows on the 

surface, leading to an increasingly less active surface – only when the temperature is raised to 600 oC 

is this intractable oxygen removed from the surface to regenerate the adsorbate free surface. During 

ORR testing in the solution phase, deactivation of the catalyst follows a similar process to that seen in 

the gas phase apart from the additional effect of water. Over long-term polarisation of the electrode 

during oxygen reduction, there is a build-up of intractable oxygen species on the surface, and a 

majority of these can be removed by applying a strong reducing electrochemical polarisation. 

4. Conclusions 

On the basis of NO chemisorption results it appears as if in acid the active site for oxygen reduction in 

Fe-N/C catalysts is associated with the micropores of that material. We have shown that the surface 

of Fe-N/C catalysts are strongly affected by adventitious adsorbates which modulate and modify the 

performance of those catalysts towards the oxygen reduction reaction in liquid (RDE) and solid (fuel 

cell) electrolytes. Those adsorbed species comprise water and oxygen containing species, which range 

from chemisorbed oxygen to oxygen incorporated in the carbon structure in weakly bound (e.g. 

epoxide) and strongly bound (e.g. aldehydic) forms. Both water and the oxygen species are formed on 

storage of the catalysts in air at room temperature. The performance of the Fe-N/C catalyst is 

negatively affected by the presence of these adsorbates, either through site blocking on the carbon 

surface surrounding the Fe active site or due to modification of the local electronic structure and shift 

of the Fermi level.  Treatment of the surface to remove those adsorbed species utilising either thermal 

treatment (heating at 600oC under argon), or electrochemical reduction (-0.3 V vs. RHE) leads to 

activation of the catalyst due to removal of the oxygenated species. During the heat treatment 

process, it has been shown that chemisorbed oxygen is mainly removed as CO2, strengthening the 

argument that the oxygen is incorporated into the carbon surrounding the Fe active site.  

Electrochemical reduction of the oxygen containing species leads to activation of the surface, and 

there is a relaxation of the current back towards a baseline performance with a time constant of 800-

900 s. The ability to compare electrochemical surface activity measurements on Fe-N/C catalysts to 

results obtained on the same catalysts using gas phase chemisorption is complicated by the presence 

of water and the aforementioned adsorbates which form during the necessary exposure of these 

catalysts to electrolyte and oxygen. As a result, gas-phase chemisorption experiments overestimate 
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the number of available sites, as under the usual operating environments containing water and 

oxygen, many of the sites are unavailable for reaction. The NO adsorption process under water and 

oxygen free conditions appears to be associated with NO adsorption on the Fe sites followed by 

spillover onto the surface of the micropores.  
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