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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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