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Fuel cells efficiently convert chemical into electric energy, with promising application for clean transportation.
In proton-exchange membrane fuel cells (PEMFCs), rare platinum metal catalyzes today the oxygen reduction
reaction (ORR) while iron(cobalt)-nitrogen-carbon materials (Fe(Co)-N-C) are a promising alternative. Their
active sites can be classified as atomically dispersed metal-ions coordinated to nitrogen atoms (MeNxCy
moieties) or nitrogen functionalities (possibly influenced by sub-surface metallic particles). While their
durability is a recognized challenge, its rational improvement is impeded by insufficient understanding of
operando degradation mechanisms. Here, we show that FeNxCy moieties in a representative Fe-N-C catalyst
are structurally stable but electrochemically unstable when exposed in acidic medium to H202, the main ORR
byproduct. We reveal that exposure to H202 leaves iron-based catalytic sites untouched but decreases their
turnover frequency (TOF) via oxidation of the carbon surface, leading to weakened O2 binding on iron-based
sites. Their TOF is recovered upon electrochemical reduction of the carbon surface, demonstrating the
proposed deactivation mechanism. Our results reveal a hitherto unsuspected deactivation mechanism during
ORR in acidic medium. This study identifies the N-doped carbon surface as Achilles' heel during ORR
catalysis in PEMFCs. Observed in acidic but not in alkaline electrolyte, these insights suggest that durable
iron-nitrogen-carbon catalysts are within reach for PEMFCs if rational strategies minimizing the amount of
H202 or reactive oxygen species (ROS) produced during ORR are developed.

File list (2)
Manuscript_ChemRxiv.pdf (541.15 KiB) view on ChemRxiv - download file

Supporting Information_ChemRxiv.pdf (1.17 MiB) view on ChemRxiv - download file


http://doi.org/10.26434/chemrxiv.6304460.v1
https://figshare.com/authors/Min_Wook_Chung/4906465
https://figshare.com/authors/Peter_Strasser/4966006
https://figshare.com/authors/Goran_Drazic/4406863
https://figshare.com/authors/Frederic_Jaouen/4967566
https://ndownloader.figshare.com/files/11546426
https://figshare.com/articles/Achilles_heel_of_Iron-Based_Catalysts_During_Oxygen_Reduction_in_Acidic_Medium/6304460/1?file=11546426
https://ndownloader.figshare.com/files/11546429
https://figshare.com/articles/Achilles_heel_of_Iron-Based_Catalysts_During_Oxygen_Reduction_in_Acidic_Medium/6304460/1?file=11546429

Achilles' heel of iron-based catalysts during oxyge reduction in

acidic medium

Chang Hyuck Chét, Hyung-Kyu Lim?, Gajeon Choh Min Wook Chungd, Abdulrahman
Altin3, Nastaran Ranjbar Sahrjidoulay-Tahar Sougrdti Lorenzo Stievarfp Hyun Seok
O, Eun Soo Park Fang Lu8, Peter StrasstrGoran Dra#’, Karl J. J. Mayrhofér®®,

Hyungjun Kin?* & Frédéric Jaouet

1School of Materials Science and Engineering, Gwahgjtitute of Science and Technology,
61005 Gwangju, Republic of Korea.

’Department of Chemistry, Graduate School of EEW&geK Advanced Institute of Science
and Technology, 34141 Daejeon, Republic of Korea.

3Department of Interface Chemistry and Surface Ewging, Max-Planck Institut fir
Eisenforschung GmbH, Max-Planck-Str. 1, 40237 Didesg Germany.

4Institut Charles Gerhardt Montpellier, UMR CNRS 32B\grégats, Interfaces et Matériaux
pour I'Energie, Université de Montpellier, 34095 Mfjaellier Cedex 5, France.

SDepartment of Materials Science and EngineeringuBKational University, 08826 Seoul,
Republic of Korea.

®Department of Chemistry, Chemical Engineering Daris Technical University Berlin,
10623 Berlin, Germany.

'Department of Materials Chemistry, National Inggtwf Chemistry, Hajdrihova 19, 1001
Ljubljana, Slovenia.

8Helmholtz-Institute Erlangen-Niirnberg for Renewabhergy (IEK-11), Forschungszentrum

Jilich, Egerlandstr. 3, 91058 Erlangen, Germany.



Department of Chemical and Biological Engineerirfgriedrich-Alexander-Universitét
Erlangen-Nurnberg, Egerlandstr. 3, 91058 Erlan@armany.
*Correspondence to: Chang Hyuck Choi (chchoi@gidtrg Hyungjun Kim

(linusl6@kaist.ac.kr) or Frédéric Jaouen (fredgicien@umontpellier.fr)



Introduction

Fuel cells efficiently convert chemical into eléec&nergy, with promising application for clean
transportation. In proton-exchange membrane fus (PEMFCs), rare platinum metal
catalyzes today the oxygen reduction reaction (QR®ile iron(cobalt)-nitrogen-carbon
materials (Fe(Co)-N-C) are a promising altern&tivélheir active sites can be classified as
atomically dispersed metal-ions coordinated toogin atoms (MeRC, moieties§™® or
nitrogen functionalities (possibly influenced bypssurface metallic particle$)* While their
durability is a recognized challenge, its ratiomaprovement is impeded by insufficient
understanding afperando degradation mechanisf3® Here, we show that Fely moieties

in a representative Fe-N-C catalyst are structysttible but electrochemically unstable when
exposed in acidic medium to8>, the main ORR byproduct. We reveal that exposukeO,
leaves iron-based catalytic sites untouched butedses their turnover frequency (TG
oxidation of the carbon surface, leading to weallédebinding on iron-based sites. Their TOF
is recovered upon electrochemical reduction otdrbon surface, demonstrating the proposed
deactivation mechanism. Our results reveal a hithensuspected deactivation mechanism
during ORR in acidic medium. This study identifiee N-doped carbon surface as Achilles’
heel during ORR catalysis in PEMFCs. Observedidiabut not in alkaline electrolyte, these
insights suggest that durable iron-nitrogen-carbatalysts are within reach for PEMFCs if
rational strategies minimizing the amount ofdA or reactive oxygen species (ROS) produced

during ORR are developed.



Results and discussion

A representative Fe-N-C catalyst was selected I{Eb&eNC-1), comprising Fe mainly as
metal ions atomically dispersed as KENmoieties (Fig. S1 and Table S1). These moieties ar
ubiquitous in Fe-N-C materials that efficiently @lgze ORR in acidic mediufi131¢ From
surface-specific CO-chemisorptiSand bulk Fe-content measurements, we determined tha
>20 % of all Fe atoms in FeNC-1 are on the surfaag S1d, e). We previously demonstrated
in acidic electrolyte that FeNC-1 fully retained ®RR activity after extensive cycling from
0.0 to 1.0 ke, and that FepC, moieties did not leach out during electrochemigaling®.

In spite of this, FeNC-1 shows a continuous deatitw during steady-state operation in
PEMFC$° a conundrum impeding the rational developmenstable Fe-N-C cathodes.
Partially unveiling this conundrum, .8, was shown to chemically react with Fe-NtC
decreasing its ORR activity, howevda an unexplained mechanism. Here, we reveal the

detailed deactivation mechanism byQd.

The ORR activity and selectivity of pristine FeNGakre measured in acidic and alkaline
electrolytes. FeNC-1 shows a higher ORR activitglikaline than acidic medium (Fig. 1a, b
and Fig. S2), typical for Fe-N-C materi&ld_ess than 5 % hydrogen peroxide is detected above
0.3 Vrue during ORR in both electrolytes (Fig. 1c, d). Cges in activity and selectivity
induced by HO.-treatments were then investigated. The catalgyerl comprising FeNC-1
and Nafion® ionomer was immersed in a 5 wt%kIsolution of pH 1 at 20 (label FeNC-1-
20), 50 or 70 °C. The ORR activity of.8,-treated FeNC-1 electrodes was then measured
either in 0.1 M HCIQ or KOH. During this treatment, - is the sole deactivating agent, a
pH 1 solution without KO, not impacting the activify. As seen in Fig. 1a, the ORR activity

measured at pH 1 after the acidieQ#treatment decreases with increasing treatment
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temperature. This drop is independent of the eleb&mical potential applied to FeNC-1
during BO»-treatment (Fig. S3a-c), indicating that chemieations between FeNC-1 and
H2>0. must account for the activity decay. The ORR d&termining step (RDS) is however
unchanged, as revealed by similar Tafel slope (F$B-67 mV ded, except after the 70 °C
H.O-treatment, for which the TS-value is 110 mV deig. 1a). The increase from 63 to
110 mV dec! might be interpreted as the RDS changing fromearsbal step between the first
and second electron transfer (ET) to the first Eifj.(S4a). Regarding selectivity, increased
temperature during #.-treatment continuously increases the amountQhlieleased during
ORR from 4 to 29 % at 0.5r¥e (Fig. 1c). Similar trends are observed for ORRvégtand
selectivity in alkaline electrolyte, following aedH-O»-treatments (Fig. 1b, d). In contrast,
peroxide-treatment in 0.1 M KOH did not modify tB&R activity nor selectivity of FeNC-1,
measured either in 0.1 M HCl@r KOH (Fig. S3g, h). This strongly suggests tR&QS
formation from peroxide and Fe-N-C is pH-dependeriine with the acidic pH-range chosen
for producing ROS from D, and Fe cations in the frame of environmental water
remediatiod’. To demonstrate that ROS species formed duringutidic HO; treatment of
Fe-N-C, we used a nitrone spin-trap (5,5-dimethyplyiroline N-oxide, DMPO) and electron
paramagnetic resonance (EPR). EPR spectra offilteolution aliquots collected after 5 min
of reaction between FeNC-0.5 (prepared as FeNCtIvkih halved Fe content, comprising
only FeN.Cy moieties, see later) and® in DMPO identify the presence of a main signat tha
can be unambiguously assigned to DMPO-OH spin adduct (quartet signal with 1:2:2:1
intensity ratio), observed in pH 1 but not in pH d@ditions (Fig. S5). Other ROS than
hydroxyl radicals may however have been be proddoedg the peroxide treatment of FeNC-

0.5, since other DMPO-ROS adducts thBMPO-OH have a shorter lifetime and quickly



breakdown toDMPO-OH adducts. In summary, the spin-trap expemisidurther support

ROS formation only in acidic environment, not ikaline environment.

The structure and chemistry of acidie®d-treated catalysts were then investigated. As
reported by us for another.8; protocol?, the Fe K-edge extended X-ray absorption fine
structure (EXAFS) spectra are unmodified byObttreatments, indicating unmodified first-
coordination sphere in Fey moieties (Fig. 2a). EXAFS is however poorly sausito the
second coordination sphere of k&) moietie§. Mdssbauer spectroscopy is more sensitive to
both coordination and electron populatiori“&e nuclei. The doublets D1 and D2 observed in
pristine FeNC-1 (Fig. S1b) and FeNC-0.5 (prepaseBedNC-1 but with halved Fe content) are
still present in HO»-treated samples (Fig. S6) but the spectra haviglelg modified shape
and intensity. They were analysed assuming Gaudss#ibutions of the quadrupole splitting
(QS), justified by the structural disorder revealsdtransmission electron microscopy on
FeNC-1 (Fig. S1f). Such an approach reveals higQ&sprobabilities in FeNC-0.5 (Fig. 2b)
at the values found for doublets D1-D2 (Table Swjith increasing HO.-treatment
temperature, the low-QS relative intensity decreasel the distribution at high-QS is slightly
modified. Such minor changes comply with modifioas of the second coordination sphere
in FeN.Cy moieties, but with an intact FeMNore. Other possible chemical changes were
investigated by X-ray photoelectron spectroscof@%Xand elemental analysis. Thg dignal
was almost unmodified after.B.-treatments (Fig. 2c, Fig. S7a-d), indicating nadaxon of
N-functionalities, including those ligating Fe. Tio¢al Fe and N contents were also unchanged
after BOo-treatment (Fig. 2e). The pore size distributiguedfic surface area and bulk carbon
structure of HO.-treated catalysts were identical to those of FeN@s revealed by N

physisorption (Fig. 2f) and Raman spectroscopy &imwn). The lack of modifications is



apparently contentious with decreased activity seldctivity. An important exception is the
oxygen content, increasing from 5 to 10 at% (F&). Zhe Qssignal (Fig. 2d) reveals a broad
peak that was fitted with C=0 (carbonyl, carboxafd C-O (epoxy, hydroxyl) components
(Fig. S7e-h). An interesting analogy can be draetwken the oxidation process of FeNC-1
by H.O> and the formation of graphene oxide (GO) from piay HO. and potassium

ferrate?

These results suggest that carbon oxidation wéasates to the top-surface (without formation
of volatile CO or CQ products), the acidic #.-treatment selectively oxidizing a fraction of
surface carbon atonviga Fenton-like reactions with Fely surface moieties. This might have
induced a lower ORR-TOF on otherwise unmodified f&&Nnoieties. If this is true, the ORR-
activity decrease consequential to thgdiHtreatment should be recovered when the carbon
surface is cleaned from oxygen functionalities. @fged for electrochemical reduction to
softly remove oxygen groups, a method reported30r reductio”®. Fig. 1e, f show that the
ORR activity and selectivity in acidic medium ofetlibO.-treated materials significantly
increased after electro-reduction in 0.5 M Na€{.(activity x3.2 for reduced FeNC-1-50).
The extent of activity recovery is high for FeNQQ-and FeNC-1-50 (67-82 % relative to
FeNC-1 activity at 0.8 WHg). Activity and selectivity recovery is however regmplete, and
this is amplified with highly-oxidized FeNC-1-70hiB may be due to incomplete removal of
oxygen groups formed during 8>-treatment, especially epoxy groups as reported for
electrochemically-reduced G®The possible role of metallic Fe particles in BelNon either

the deactivation or activity recovery could be exied by investigating FeNC-0.5, comprising
only FeNC, moieties (Fig. S6) Its ORR deactivation after-®,-treatment and recovery after

electro-reduction are identical to those of FeNEigy. S3i).



We resorted to density functional theory (DFT) talerstand how carbon surface oxidation
modifies the TOF and selectivity of FgBy moieties. The @binding energy £»,) on FeN
centers, a key descriptor of ORR actitifyand electron work function (WF) of the surface
were calculated against the type, number and locati oxygen groups near Fgy moieties
(Fig. S8a). The introduction of hydroxyl and espéygi epoxy groups in the basal plane
dramatically modifie€, from —0.59 to +0.33 eV (Fig. 3a), a conclusionid/ébr all oxygen
adsorbates (Fig. S8b). As previously discussed bkevjee’s grouf) electron-withdrawing
groups on the carbon surface not only downshift itbe d-orbitals (Fig. S9), thereby
decreasing iron oxophilicity (Fig. 3b), but alsgotite the carbon support frormelectrons,
thereby elevating the WF (Fig. 3a). Weakeigdlecreases the activity of FeNC-1, implying
that FeN centers integrated in graphene sheets are loedtest near the apex or on the weak-

binding side of an activitys. binding-energy volcano plot.

Selectivity toward four-electron reduction was aiswestigated with DFT considering the
ORR mechanism detailed in Fig. 3c. The first ETulssn an iron-hydroperoxo complex (step
2). If the subsequent O—OH bond cleavage and se€®noccurred in a concerted step at a
single FeNC, moiety (step 3), a considerable reorganizatiorrggnevould be expectéd
Instead, we consider an O-0 bond cleavage as$igtdtb nearest carbon atom, situated only
2.67 A away from Fe (step 4, Fig. S4b), definingpaperative OOH dissociation pathy
This pathway becomes less favorable with surfacgadion (electronic effect) and could even
be sterically blocked if the cooperative carbornteeis occupied by an oxygen group, favoring
H-0, formation (Fig. S10a). Furthermore, N-doped graghleas stronger affinity to oxygen
groups than graphene, inferring that surface oxadatight occur preferentially on carbons

adjacent to nitrogen atoms (Fig. S10b).



Following these DFT insights, we measured WF, gaikof zero chargeHpzc) and basicity
of HoOo-treated FeNC-1. Ultraviolet photoelectron spedopy indicates increased WF with
acidic HO.-treatment, leading to a negative correlation betw®RR activity and WF (Fig.
4a-c). This is consistent with our DFT calculatigRgy. 3a) and recent studies on the initial
ORR activity of Fe-N-C and N-S-O-C materfdl€ Epzc is also negatively correlated with
ORR activity (Fig. 4d-f). The surface basicity, jpHecreased with increasing®p-treatment
temperature due to the acidic character of oxygeugs, leading to a positive correlation with
ORR activity (Fig. 4g-i). These correlations ar@lained on the basis of a modulation of the
TOF of FeNCy moieties by the electronic properties of the sumding carbon surface. This
concept bears similarities with the importance olfidsstate physics for electrochemical
reaction rates, demonstrated in the 1970’s for lieturfacesd®. In practice, in addition to
decreasing the TOF of FeBl, moietiesvia carbon surface oxidation, peroxide or ROS formed
during PEMFC operation might also increase thelgsita hydrophilicity and attack the
proton-conductive ionomer. Both phenomena could leadecreased transport properties
through the cathode, possibly further amplifying trerformance loss. For FeNC-1 however,
our previous study showed that only the ORR agtisignificantly decreased during PEMFC

operation”.

Conclusion

In summary, we explain the main deactivation ofN=€- catalysts for ORR in PEMFCs as a
reversible surface oxidation of carbon, decreash TOF of Fe-based active sites
weakened @binding. This study provides novel insights irfte perando deactivation of Fe-

N-C catalysts comprising FelSy sites. While Fe-N-C catalysts comprising only Betiples
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encapsulated in a graphitic shell might not expesethis deactivation (no surface iron), the
ORR activity of such catalysts has hitherto beev’loThe need to consider FgB} moieties
in their long-range electronic and chemical envwinent for TOF determination and the
recoverable decay of TOF are important paradigrfisshihe present study brings hope for
durable Fe-N-C cathodes in high power density PEMRGth in situ (electro)reduction of

carbon, HO. or radical scavengers.
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Figure 1 | Effects of acidic HO2-treatment and subsequent electro-reduction in 0.5/
NaCl on the ORR activity and selectivity of FeNC-1a, b, ORR polarization curves after 2
hour treatment at OCIed. 0.84 \kre) in 5 wt% HO-in 0.1 M HCIG, ¢, d, Peroxide formation
during ORR after BED.-treatment,e, ORR polarization curves after8.-treatment and
electro-reduction in 0.5 M Nadl, Peroxide formation during ORR aftep®b-treatment and
electro-reduction in 0.5 M NaCl. The electrolytesn@-saturated 0.1 M HCIf(a, c, e, ) or
0.1 M KOH (b, d). The two-digit number following FeNC-1 indicatdse HO.-treatment

temperature.
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Figure 2 | Effects of acidic HO2-treatment on Fe coordination, contents of iron, rirogen,
oxygen and porous structure of FeNC-1a, k>-weighted Fourier transforms of the Fe K-edge
EXAFS spectrab, °’Fe Mossbauer quadrupole splitting distribution)sSXPS-Nis spectrad,
XPS-Ois spectrae, N and O contents measured by XPS and Fe-contesdsured by ICP-
AES.f, N>-adsorption isotherms (BET specific area and pofteme for all samples are 435 +
5’ g tand 0.35 + 0.01 chy %, respectively). FeNC-1 was treated for 2 hour®@P ¢a.
0.84 \kne) in 5 wt% HO, in 0.1 M HCIQ at 20, 50 or 70 °C. EXAFS/Fe Mossbauer
spectroscopy and ICP-AES are bulk techniqgues WKR&, probing several nm below the
surface, is not a true surface-specific technignemapplied to carbon materials. Note Iz Fe
signal measured with XPS was too noisy for Fe dfieation. Note 2: All data were measured
on FeNC-1 series, except for Mossbauer spectraKgeesS6). Note 3: The relative carbon
content decrease that can be deduced Fign2eresults from the addition of oxygen groups

on the surface, not from the irreversible lossarbon atoms.
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Figure 4 | Effects of acidic HO2-treatment on surface properties and correlations
between ORR activity and surface propertiesa-c, WF, d-f, Epzc andg-i, surface basicity
variation Q\pH). Correlations between the ORR activity in 0.1 I81B4 and WF b), Epzc (€)

or ApHr (h). Correlations between the ORR activity in 0.1 DK and WF ), Epzc (f) or
ApHs (i). The activity was quantified either by onset paite (left-handside axis, open square
symbol) or by the kinetic current dengjitright-handside axis, open star symbol, reported f
0.8 and 0.9 ¥xe in HCIOs and KOH electrolytes, respectively). A logarithreale was used

for jk since it is logarithmically related the onset poi via the Tafel law.
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Experimental Section

Catalyst synthesis and H.O,-treatment. FeNC-1 and FeNC-0.5 were prepared fromf Fe
acetate, 1,10-phenanthroline (phen), and 4 z&rolitic imidazolate framework (ZIF-8 with
formula ZnNiCgH1o, purchased from BASF under trademark Basolite B120ne gram of a
catalyst precursor containing 1.0 or 0.5 wt% Fehwaeitmass-ratio phen/ZIF-8 of 20/80 was
prepared by dry ball-milling. The milling was cadli out in a Zr@ crucible with 100 Zr@
balls of 5 mm diameter using a planetary ball-mi{lERITSCH Pulverisette 7 Premium) for 4
cycles of 30 min at 400 rpm. The resulting catapystursors were then pyrolyzed at 1050 °C
in Ar for 1 h, leading to FeNC-1 and FeNC-0.5. H©.-treatment was performed ina 0.1 M
HCIO4 or 0.1 M KOH solution containing 5 wt%:B8», referred to as the oxidizing solution. It
was prepared from concentrated HE(@0 %, Aldrich), HO> (30 wt%, Aldrich) and ultrapure
water (18 M2, Millipore). For physical characterization purpss¢éhe HO>-treatment was
performed with 0.05 g of Fe-N-C catalyst dispersgd 300 mL of the oxidizing solution at
20, 50 or 70 °C. After 2 h, the catalyst powder wallected by filtration, washed with 1 L
ultrapure water and dried at 80 °C. For electrodbahtharacterization purposes, the FeNC-1
based catalytic layer (loading 8048 cni?) deposited on the glassy carbon tip (3 mm diaheter
was immersed in 100 mL of the oxidizing solution 2oh, a method similar to that previously
employed, with the electrode rotated at 2000 rpm to rem@wdubbles formed from #D;
disproportionation and the electrode potential eiftser set at 0.5 Mie or left at open-circuit
potential (OCP). The OCP value of FeNC-1 was0.84 \kne in 0.1 M HCIG; andca. 0.94

Vrue in 0.1 M KOH.

Physico-chemical characterizations. Inductively coupled plasma-atomic emission

spectrometry analysis (ICP-AES) was carried outgiaiPOLYSCAN 61E (Hewlett-Packard).



Electron paramagnetic resonance (EPR) was performg&idg a Bruker EMX/Plus
spectrometer equipped with a dual mode cavity (ER6®DM). The experimental conditions
are as follows: 9.64 GHz microwave frequency, 10m@dulation amplitude, 100 kHz
modulation frequency, 0.94 mW microwave power a®8 R temperature. For each spectrum
10 scans were accumulated. EPR aliquot samplesprepared as follows. A mass of 1.8 mg
FeNC-0.5 catalyst was dispersed in either 0.1 MGi@Ir 0.1 M KOH solution. After 30 min
of sonication, the desired amounts of 5,5-Dimethyyrroline N-oxide (DMPO; >98%,
Aldrich) and hydrogen peroxide were sequentiallgeaitito reach the concentrations of 0.4 M

and 0.5 wt%, respectively. The resulting total voéuof the solution was 0.5 mL. After 5 min

of reaction, the solution was filtered (syringe ypobpylene filter, 0.2um, Whatman) to

separate the catalyst powder from the liquid aligiat was subsequently examined with EPR.

X-ray absorption spectroscopy (XAS) at the Fe Keedgs measured in transmission mode at
Pohang Accelerator Laboratory (7D-XAFS beamlinemass of 0.1 g catalyst was mounted
in a sample holdemXIxd=3x8x2 mnd). The XAS energy scale was calibrated using aofe f
before and after the measurement to verify the tdabr correct for any energy shift during
data acquisition. For extended X-ray absorptior fatructure (EXAFS) analysis, Artemis
implemented in Demeter program package (0.9.23) wiiged after the data processing in
Athen&. EXAFS amplitudes and phase shifts were calculatedEFF7. The many body
attenuation factor3?) was determined as 0.82 from the fit of the EXA&Sreference
materials. Interatomic distances (R) and the Dagadler factors were calculated for all paths
included in the fits>’Fe Mdssbauer spectra were measured with a sour€ofRh. The

measurements were performed with both the sourdé@absorber at room temperature. The
4



spectrometer was operated with a triangular vejlaeitveform, and a Nal scintillation detector
was used for detecting therays. Velocity calibration was performed with arFe foil, to
which all isomer shifts are referred. The broademeadrupole components of the Mdssbauer
spectra were analysed in Fig. S6 by assuming Gaudsstributions of the electric quadrupole
interaction. Three independent Gaussian distriputtomponents were necessary to fit
coherently the whole series of collected spectf@.pQlse chemisorption was performed with
a Thermoscientific TPD/R/O 1110 instrument unden0min™ He flow. Typically, 100-150
mg catalyst was cleaned by heating at 20 °C htm 600 °C (hold time 15 min) in He, and
then cooled down to room temperature. CO pulse @weption was then carried out at 193 K
with the sample holder immersed in a dry ice aredaae mix. Six CO pulses (0.338 mL) were
carried out at 25 min interval. The adsorbed CO wmhavas quantified from the difference
between the area below peaks No. 4-6 and that bedaks No. 1-3. From the adsorbed CO
amount and the bulk Fe content measured by ICPrelaive amount of Fe that is on the
surface and interacts with CO was calculated, asguone CO molecule binds per F&N
moiety. The relative amount of surface Fe probe@@ychemisorption may underestimate the
true amount of surface Fe, if some surface J&Nnoieties do not bind CO. Nadsorption-
desorption isotherms were measured using a BEL4sarp (BEL Japan) volumetric analyzer
at 77 K. Before each measurement, the sample wgessled at 200 °C for 4 h. The specific
areas were determined in the P#&hge of 0.05-0.15 using the Brunauer-Emmett-TéBET)

equation.

Probe Cs-corrected scanning transmission electrommatope Jeol ARM 200 F, equipped with
a cold field emission electron source, was usedirfaging atomically-dispersed FeBj

moieties, and possibly binuclear-ReCy moieties, in FeNC-1. To minimize the beam damage,



80 keV and low beam current were used. High-anghei@ar dark-field (HAADF) images were
obtained using 68-180 mrad collection half-angke®4amrad probe convergence semi-angle.
Images were filtered with non-linear filter whick & combination of low-pass and Wiener
filters®. The presence of iron and nitrogen was confirmétth iatan Quantum ER dual

Electron Energy-loss Spectroscopy (EELS) system.

X-ray photoelectron spectroscopy (XPS) and ulti@tiphotoelectron spectroscopy (UPS)
data acquisition were carried out using a Sigmég®(@hermo VG Scientific) equipped with
a microfocused monochromator X-ray source. The XR®& were analysed using the
XPSPEAKA41 software with £0.1 eV deviation in bingianergy. The binding energies used
for deconvoluting the XPS-Nspectra were 398.5 eV for pyridinic-N, 400.1 eV poyrrolic-

N, 401.1 eV for graphitic-N and 403.7 eV for pyrii-oxide, respectivefy The binding
energies used for deconvoluting the XP&gpectra were 531.2 eV for C=0 and 533.0 eV for
C-0O, respectiveRP. UPS data were analysed with He | radiation. Tlekwunction (WF)
values were derived from the following equation

WF =hv — Esec— Erermi 1)

wherehv is the 21.2 eV radiation energy of He | soulegcis the onset of the secondary
emission, andErermi is the Fermi edge level. The potential of zerargbgErzc, was measured
using a VPM3 potentiostat (BioLogic) installed wighfunction of staircase potentiostatic
electrochemical impedance spectroscopy. The maasmits were performed in a 2 mM NaF
electrolyte from —1.5 to 0.5 Adagci at 100 mHz frequency and with a 10 mV potential
amplitude.Erzc was determined as the potential at which the relelsemical double layer
shows a minimum capacitance. Basicity of the cttaBurface was measured by dispersing

40 mg of FeNC-1 or kD»-treated FeNC-1 catalysts in 20 mL of an aqueoligiea of initial



pH (pH) 6 prepared from 0.1 M43Q; and 0.1 M KOH solutions, continuously saturatethwi
bubbling N to prevent acidification from airborne GOThe final pH after equilibration was
recorded once the pH-meter indicated a stable v&#ae Fe-N-C catalysts, we previously
reported that the entire curve p#H f(pH;), with pH values ranging from 1 to 13, shows a
plateau of pHvalues, at near-neutral pMalues, and discussed that the plateau ofipld
measure of the surface basiéftyFor comparing the basicity o,8:-treated samples relative
to pristine FeNC-1, we therefore used the pH viamaApHr = pH (H20--treated FeNC-1) —

pHs (pristine FeNC-1).

Electrochemical characterizations. The electrochemical properties were studied with a
modulated speed rotator (RRDE-3A, ALS) in a thrlseteode Teflon cell equipped with a
graphite rod as a counter electrode and a satufaggxhCl as a reference electrode (RE-1A
for acidic medium and RE-16 for alkaline medium,-E@©ntier). 0.1 M HCIQ and 0.1 M
KOH solutions were used as acidic and alkalinetedbges, respectively. They were prepared
from concentrated HCI£X70 %, Aldrich) and KOH pellet (90 %, Aldrich) wiultrapure water
(18 MQ, Millipore). Before any electrochemical measuretagrthe Ag/AgCl reference
electrodes were calibrated against a Pt electrotie-saturated electrolyte to correctly convert
potentials to the reversible hydrogen electrodeERstale. ORR activity was investigated at
a loading of 80Qugrenc cNT? (ca. 25 pgre cnT? for FeNC-1). The catalyst ink was prepared by
dispersing 10 mg catalyst in 884 aliquot (804uL water and 8QuL of 5 wt% Nafion
solution). The working electrode was prepared Ipgtiing 5L of catalyst ink onto the glassy
carbon disk (0.071 cfhof the rotating disk electrode (011169, ALS), efhivas then left to
dry at room temperature. For comparison, a 46 wi% EC10E50E, Tanaka) electrode was

prepared with 2Qge: cm™2 Pt loading. The ORR polarization curves were réedmwith a scan



rate of 10 mV st and a rotation speed of 900 rpm in ans@turated electrolyte. ORR Faradaic
currents were obtained after subtraction of thagpmdtion curves measured identically but in
Ar-saturated electrolyte. Onset potential was defias the potential at which 0.1 mA®©m

current density is reached.

Rotating ring disk electrode (RRDE) analysis wasied out using a RRDE electrode (012613,
ALS) composed with Pt ring and glassy carbon dlskteodes. During the measurement, the
Pt ring disk was set at 1.2:Me and the electrode was rotated at 900 rpp@2t$electivity was
calculated using the following equation

H202 (%) = 200 xIr/N/ (Ip + Ir/N) (2)

wherelr is the ring currentip is the disk current and is the collection efficiency (0.32, as

determined by F&’** redox calibration).

All electrochemical experiments on the ORR actiatyd selectivity on FeNC-1, peroxide-
treated FeNC-1 and electrochemically-reduced pdesttieated FENC-1 were carried out at
least two times for reproducibility assessment. fidproducibility error wasa. £10 % on the
ORR activity (relative to the average activity & Wrng, acid, or 0.9 ¥ug, alkaline) ancta.

+2 % on the selectivity (absolute variation of %@ede detected during RRDE at 0.31¢).

Electrochemical reduction of H>Oo-treated FeNC-1 and FeNC-0.5. Electrochemical
reduction of the carbon surface on FeNC-1-20, +&-&0 and FeNC-0.5-70 was carried out
by cyclic voltammetry (CV) in an Ar-saturated 0.5NMCI electrolyte, a method similar to that
employed for electrochemical reduction of grapherigle to grapherfé®. 100 cycles were
progressed between 0 and —1.6/Mci with a scan rate of 100 mV!s The lower potential
limit was selected to avoid significant hydrogemletion at even lower potential, leading to

active-layer detachment.



Computational methods. We performed first-principle DFT calculations coeghlwith the
Poisson-Boltzmann (PB) implicit solvation effect orodels for active sites with different
environments as shown in Fig. S7a. We used the ndiefsb-initio Simulation Package
(VASP)!, with the exchange-correlation function of revis€grdew-Burke-Ernzerhof
(RPBEY?. The electron-ion interaction was considered énftiim of the projector-augmented-
wave (PAW) method with a plane wave up to energyp@® eV. The active site models
combined with a 20 A vacuum layer along the z-awése fully minimized under a gamma
centered k-point grid of (4x4x1). A dipole correctiwas applied to all calculation cases to
avoid unwanted electrostatic interaction betweemnode images along the z-direction. To
calculate the solvation energy, the PB implicitvatibn model, which is implemented in the
VASP progran®, was used under a dielectric constart 80 for water (we neglect the
cavitation energy contribution). We also calculatselvibrational internal energy and entropy
terms for adsorbate molecules by taking accourtgbdtessian analysis. The partial density
of states (PDOS) data was calculated with the ¢mmdi of tetrahedron method with Bl6chl

corrections and manipulated with p4vasp software.
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Figure S1 | Physico-chemical characterizations of @NC-1. g k?weighted Fourier
transforms of Fe K-edge EXAFS on FeNC-1. The amakisowed a predominant presence of
Fe-N (or Fe-O) coordination (Gdn= 4 and CNeo = 1) and a minor presence of Fe-Fe
coordination (CNe-re= 0.6).b, Mdssbauer spectrum of FeNC-1. D1 and D2 wergasdito
FeN«Cy moieties with low and medium spins, respective]yXPS-Nis spectrum of FeNC-1.
The signal was deconvoluted with pyridinic-N, pyiceN, graphitic-N and pyridinic-oxide
peaks.d, Carbon monoxide pulse-chemisorption profiles eNE-1, measured at 193 K.
Absolute CO uptake and relative Fe amount locatethe surface for FeNC-1 and FeNC-0.5,
comprising bulk Fe contents of 3.0 and 1.5 wt%peesvely.f, Filtered HAADF-STEM image

of FeNC-1 (scale bar = 1 nm). The image shows tberdered nature of the carbon surface
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with many defects and non-hexagonal rings of lagjbtns, as well as atomically-dispersed iron
atoms. Pairs of iron atoms are visible with Fe-Fatices of 2.5 + 0.1 A (white circles),
commensurate with the expected Fe-Fe distancenincleiar FeNsC, sites*!% The present
top-view image can however not confirm if Fe atahsuch apparent pairs are in a same or in

different graphene sheets.
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Figure S3 | ORR activity decrease following acidid202-treatment and unmodified
activity following alkaline H202-treatment. ORR polarization curves before and after acidic
H20.-treatment, measured dnc, Oz-saturated 0.1 M HClgandd-f, O.-saturated 0.1 M KOH.
The HO>-treatment was carried out at 20 ¢), 50 @, €) or 70 °C ¢, f) in 5 wt% HO2 in 0.1

M HCIOs, with the potential fixed either at 0.5:Me or open circuit potentiaké. 0.84 \knE).

g, h, ORR polarization curves before and after alkaliy®,-treatment, measured in,O
saturated 0.1 M HCI©(g) and Q-saturated 0.1 M KOHh). The BO»-treatment was carried
out at 70 °C in 5 wt% #D> in 0.1 M KOH, with the electrode potential fixedher at 0.5 &+

or open circuit potentialcé. 0.94 \knEe). i, ORR polarization curves of FeNC-0.5 before and

after acidic HO»-treatment at 70 °C, measured ipr€aturated 0.1 M HCI9 FeNC-0.5 was
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prepared identically to FeNC-1, except for the kédl¥Fe precursor content, resulting in 100 %
Fe being present as FgBy moieties after pyrolysisFeNC-0.5 and FeNC-1 respond similarly
to H.Ox-treatment (compare figures i and c). Polarizatiarves for FeNC-1-70 and FeNC-
0.5-70 after electrochemical reduction in 0.5 M Naf also shown ig, f, i (green dotted

curve). The polarization curve for pristine FeN@ hown in all graphs (black dotted curve).
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temperature, charge-transfer coefficient (a contposerm derived from the overall
multielectronic reaction and the RDS position ie tequence of elementary stépsnd
Faraday constant, respectively. TS-values are gastifrom first-principles to bea. 116 and

58 mV dec! when the first-electron transfer step (Rxn. 2) iidconsecutive dissociation step
(Rxn. 3) are the RDS, respectively. Upon extengivetakened @binding (highly oxidized
surface), the first-electron transfer could bectngeRDS. The steps after the second-electron
transfer (Rxn. 4) are not shown since they areratet-determining (the predicted TS-value

would otherwise be <a. 29 mV dec!, much lower than experimental values of 63-110 mV
15



dectin pH 1).b, Based on our DFT calculation of the RDS (*OOHsdisiation, Rxn. 3) on
Fe-N-C catalysts, the distance between a centradrFand the nearest carbon atom is 2.67 A
(comparable to the Pt-Pt distance of 2.8 A on th@1R) surfac¥), where O-O bond

dissociation can occur with a moderate activatioergy barrier of 0.64 eV.
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Figure S5 | Spin-trap experiment revealing the formtion of ROS during peroxide
treatment of Fe-N-C in acidic conditions. a-bEPR spectra of filtered solution aliquots after
5 min HO»-treatment at room temperature of FeNC-0.8)i6.1 M HCIQ, orb) 0.1 M KOH
electrolytes. The main quartet signal frobMPO-OH was indicated by a star symbal.
Scheme of EPR measurement representing the formati®@MPO-OH spin adduct in acidic

but not in alkaline electrolyte.
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Relative transmission (%)
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Figure S6 | Room temperature®’Fe Mossbauer spectra of FeNC-0.5 before and after
acidic H202-treatment. a, Pristine FeNC-0.5, and after treatment in 5 wt%@Hin 0.1 M
HCIO4 atb, 20 °C,c, 50 °C andd, 70 °C. The fitting (red curves) was carried outhwhree
Gaussian distributions of the electric quadrupoteraction. The analysis was performed on
FeNC-0.5 (halved Fe content relative to FeNC-Iguoid the singlety¢Fe) and sextetFe),
both present in pristine FeNC-1 (Fig. S1b), and wauld have impeded the QS-distribution

analysis of the subtle changes occurring to thélgbeomponents.
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Figure S7 | XPS analyses of FeNC-1 after acidic2B2-treatments. a-¢ XPS-Nis signal and
fitting results of FeNC-1 before and after treattmiarb wt% HO2 in 0.1 M HCIQ at 20 °C
(@), 50 °C p) and 70 °C €). The fitting was carried out with pyridinic-N (8% eV, red),

pyrrolic-N (400.1 eV, green), graphitic-N (401.1 ,eMue) and pyridinic-oxide (403.7 eV,
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orange) peaksd, Ratio of N-doping types before and after acidiOktreatmente-g XPS-
Oss signal and fitting results of FeNC-1 before an@fbO--treatment at 20 °Ge), 50 °C {)
and 70 °Cd). The fitting was carried out with C=0 (531.2 eddrbonyl and carboxyl) and C-
O (533.0 eV; epoxy and hydroxyl) peaksh, Ratio of O-doping types before and after acidic

H2O»-treatment.
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FeN,-(O|OH),-(near]far)

FeN,-O,-near FeN,-O,-far FeN,-O,-far

Active site models *0; (8V) *00H (eV) *0 (eV) *OH (eV)
FeN, -0.59 -1.37 -4.09 -2.59
FeN,-O-far -0.49 -1.33 -4.04 -2.55
FeN,-O,-far -0.44 -1.30 -3.99 -2.51
FeN,-Os-near -0.30 -1.07 ~Fi72 226
FeN,-O-near +0.33 -0.43 -3.22 -1.99
FeN,-OH;-far -0.50 -1.30 -4.02 -2.48
FeN,-OH,-far -0.43 -1.28 -4.00 244
FeN,-OH;-near -0.54 -1.33 (~4.15) (~2.80)
FeN4-OH,-near -0.46 -1.26 (~4.16) (-2.60)

Figure S8 | Atomistic models of FeNactive sites covalently integrated in graphene shkes
that were utilized for DFT calculations. g The models are labeled F&{D/OH)-(neatr/far),
where O stands for epoxy group, OH for hydroxylugrothe subscript “n” stands for the
number of oxygen-functional groups, and “near” far™ stands for the relative distance
between the Fe active center and oxygen-functigraips.b, Binding energies of reaction
intermediates (& OOH, O and OH) on various FeModels. DFT result shows that the

binding energies of reaction intermediates decreaseincreasing extent of carbon surface
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oxidation, except for the four cases indicated \bitackets, where the existence of hydrogen
bonding between surface hydroxyl group and *O oH*§abilizes reaction intermediates. The

more negative is the value, the stronger is thdibm
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Figure S9 | Fed-orbital locations aligned with respect to the vacum level Evac). Energy
eigenvalues of Fd-orbitals are blue-shifted as the oxygen-functiograups are introduced
into the carbon support. This decreases the hasdmasthereby the binding strength of oxygen

reaction intermediates to the Fe-ceniter,oxophilicity.
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Figure S10 | Retardation of *OOH dissociation pathwy by surface oxidation of carbon
and enhanced oxygen affinity near N-doped siteq, The *OOH dissociation process
becomes less favored due to electronic and stiecte as epoxy groups are introduced onto
the graphene support near the kelinter, and especially at the nearest carbonrcéntéhe
calculated binding energies of oxygen-groups tbaassites situated nearby N-groups (a more
negative value means a stronger binding). Compar#te pristine graphene surface showing
binding strengths of 2.46 and 0.99 eV for O and @idpectively, the carbon sites at the five-
membered ring near the pyridinic-N site show enkdrainding strength, up to 6.59 and 2.37

eV for O and OH (at p5 site), respectively.
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Table S1 | MGssbauer and EXAFS fitting results of &NC-1.

Relative st

Component adsorption Relative Fe IS e
p Y content (0/0) (mm S—l) (mm S_l) (mm S-l)

area (%)
Fé"(\'[‘;/S'LS 58 62 0.38 1.10 0.78
Mdssbauer
(Ff:fi{gl) Fé"}'g/zc)"\"s 34 33 043 265 145
(ngst y 3 2 ~0.02 _ 0.35
(SﬁZ?et) 5 3 010 - 0.42
Catalyst Shell CR R A A?(A?»9 R-factor
Fe-N' 4 1.97(1) 0.007(2)
FeNC-1 Fe-C' 1 2.09(2) 0.003(2) 0.0019
Fe-Fé 0.6(3) 2.49(1) 0.011(8)
Fe-N 4 1.98(2)  0.007(1)
FeNC-1-20  Fe-O 1 2.10(4) 0.003(2) 0.0075
'ﬁéﬁgds Fe-Fe 0.5(3) 2.49(2)  0.009(8)
Fe-N 4 1.98(2)  0.007(2)
FeNC-1-50  Fe-O 1 2.08(4) 0.003(2) 0.0087
Fe-Fe 0.6(5) 2.49(2)  0.010(8)
Fe-N 4 1.98(2)  0.007(2)
FeNC-1-70  Fe-O 1 2.10(5) 0.003(2) 0.0087
Fe-Fe 0.5(4) 2.49(3)  0.008(8)

2 1somer shift® Quadrupole splittind’ Line width.9 Errors in the fitting results were noted in

parenthesesAk = 2-9 A™). © Coordination number! Distance between absorber and
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backscattering atom§.Debye-Waller factor™ CNren and CNe-o were fixed to 4 and 1,
respectively, on the basis of i) our previous XANE®AFS structure identification of FelSy
moietied and ii) Mossbauer spectroscopy showing that 95e% FFeNC-1 is present as FeN
moieties. The EXAFS fitting was carried out with-NeFe-O and Fe-Fe bond distances and
CNre-reas variables.CNre.re0f 0.6 corresponds well with the value of 0.64eftis calculated
for FeNC-1 from the knowledge of i) the relative-¢antent ofa-Fe andy-Fe determined by
Mdossbauer spectroscopy and ii) knowngghin purea-Fe andy-Fe. However, it cannot be
excluded that a small fraction of the Fe-Fe EXAR@al for FeNC-1 originates from binuclear
FeN«Cy sites that were recently suggested by Hatbwl.1%! (see also Fig. S1f and its

caption).
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