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JES FOCUS ISSUE ON PROTON EXCHANGE MEMBRANE FUEL CELL (PEMFC) DURABILITY
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Sandrine Berthon-Fabry,4 and Marian Chatenet 1,4,5,∗,z
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Nanostructured carbons were fluorinated and used as supports for Pt nanoparticles deposition using a modified polyol route. The
resulting materials exhibited similar Pt nanoparticles sizes, but different agglomeration rates. The electrocatalysts were tested
toward the oxygen reduction reaction, and their stability was investigated in simulated load cycling (0.6 < E < 1.0 V vs. RHE)
or start-up/shutdown (1.0 < E < 1.5 V vs. RHE) protocols. Irrespective the support material, the former protocol caused Pt
nanocrystallites dissolution/redeposition via Ostwald ripening, mildly decreasing the electrochemically-active surface area and ORR
activity. In contrast, the carbon supports were strongly corroded after the start-up/shutdown protocol, resulting in pronounced
detachment/agglomeration of Pt nanocrystallites, albeit in absence of significant particle-size growth. Fluorination had different
effects on the stability of structurally-ordered and structurally-disordered carbons: beneficial effects were observed for the latter
whereas the former was affected negatively. “Free” dangling groups present in structurally-disordered carbon, known to be prone to
preferential oxidation in PEMFC environment, combine with the fluorine precursors upon fluorination, leading to formation of more
robust C-F bonds versus oxidation than original C-O bonds. In contrast, fluorination of structurally-ordered carbon creates structural
disorder (C-C bonds are broken), leading to promotion of electrochemical corrosion.
© The Author(s) 2018. Published by ECS. This is an open access article distributed under the terms of the Creative Commons
Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse of the work in any
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The implementation of nanostructured carbon-supported platinum
electrocatalysts in proton exchange membrane fuel cell (PEMFC)
electrodes since the 1990s1–4 enabled utilization factor (uPt) approach-
ing 100%; this technological breakthrough is at the origin of the high
electrical performances that are delivered by current systems.5–8 Since
then, the performances of PEMFCs have continuously improved, no-
tably in terms of (i) reduction of Pt-group metal (PGM) loading,
and of (ii) increase of the power density, durability and reliability
on the field, which has enabled their recent release on the market for
portable, automotive and stationary applications. Despite successes of
the PEMFC technology, durability and reliability of the core materials,
and electrodes should be further improved. In this regard, it is well-
established that the carbon substrate of the Pt-based nanoparticles is
corroded in the harsh operating conditions of a PEMFC cathode.9–14

Carbon corrosion has a thermodynamical origin (carbon oxidizes into
CO2 at E > 0.207 V vs. the reversible hydrogen electrode, RHE),15

which renders the process inevitable at the cathode. Besides, the in-
timate contact of the carbon with Pt nanoparticles weakens electro-
chemical resistance to corrosion, as Pt catalyzes this reaction.9,16–20

Numerous parameters are known to aggravate the process, such as
incursions to high electrode potential values e.g. during start/stop or
fuel starvation events,21–28 the nature of the gas atmosphere or the
relative humidity29–32 and even the properties of the anode catalyst
layer.33 Carbon corrosion alters the physico-chemical properties of
the cathode catalyst layer, both by (i) altering the dispersion of the
Pt nanoparticles (which decreases the electrochemically active sur-
face area, ECSA),10,34 by (ii) increasing the hydrophilicity of the
catalyst layer and by (iii) destroying its porous texture. All three pro-
cesses yield oxygen mass-transport hindrances and severely degrade
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the practical performances of the PEMFC cathode and therefore of
the entire system.8 Different material strategies have been proposed to
strengthen the robustness of conductive supports for Pt-based nanopar-
ticles in PEMFC cathodes.

One of the most efficient ways is to use graphitized carbon sup-
ports, as such structurally-ordered carbon supports are more resistant
to CO2 formation upon corrosion.35–42 This higher resistance to cor-
rosion does however not grant durability in operation: Castanheira
et al.12,39 and Linse et al.19 demonstrated that in presence of Pt
nanoparticles in contact with the carbon support, the tougher behavior
of graphitic carbon is only a reality above 1.0 V vs. RHE; below this
value, carbon corrosion is assisted by the catalytic role of Pt, and hardly
any difference in the rate of corrosion is witnessed between nanostruc-
tured carbons of various levels of graphitization/organization. To be
more specific, below 1.0 V vs. RHE, the various carbon surface groups
that spontaneously form above E = 0.2 V vs. RHE have the propen-
sity to back spill-over to the surface of platinum nanoparticles (which
is, at least to some extent, free of oxides and therefore available to
welcome COad-like adsorbates),18 where they can be electrooxidized
into CO2 according to the well-known Langmuir-Hinshelwood mech-
anism (in essence, this pathway resembles that occurring during a
COads stripping experiment).43 Of course, this pathway is even faster
in conditions of base-load potential cycling, i.e. when the electrode
potential is scanned back and forth above/below the onset of Pt-oxides
formation.12,44 As a result, the strategy of using a more graphitized
carbon surface is only efficient to mitigate the carbon corrosion expe-
rienced at idling or in start/stop and fuel starvation conditions in a real
PEMFC;37,39 although this is already a real achievement and enabled
to prolong the durability of stationary PEMFCs on the field from a
few 100 hours10,34 to several 1,000 hours12–14,25 (from the former to
the latter studies, the carbon was changed from poorly graphitized to
highly graphitized, resulting in much lower degradation of the cath-
ode structure, even if the authors admit that the other components of
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Figure 1. (A) Schematic representation of the
EPR procedure used to determine the surface
dangling groups of carbon and of the fluori-
nation process: the surface dangling groups
of carbon are firstly combining with fluorine
atoms yielding C-F bonds. If the fluorination
is further conducted, the bulk dangling groups
of carbon start being fluorinated. (B) example
of EPR spectra monitored for the EN sample
revealing the very different density of spin in
air versus in vacuum for both the EN and EN-
F-24% sample.

the PEMFC were also improved in the meantime, e.g. the membrane,
the electrocatalyst nanoparticles, etc.), it is not enough to warranty
sufficient PEMFC durability for several 1,000 hours in automotive
applications or for several 10,000 hours in stationary applications.45,46

For these reasons, substitutes to carbon have been studied. In par-
ticular, (semi-)conductive substrates from the metal oxides families
(MOx, with M = Ti, Sn, W, etc.) were proposed as means to limit
(if not prevent) the degradation processes of the Pt-based nanopar-
ticles support.47–63 However, while interesting electrocatalytic per-
formances and durability were reached in “half-cell” (usually liquid
electrolyte) condition for Pt/MOx electrocatalysts, these have not yet
been translated to efficient and durable PEMFC cathodes. As a matter
of fact, these substrates are very difficult to tailor in terms of spe-
cific surface area and porous texture, altering the dispersion of Pt at
their surface,59–61 and they proved less stable than one would have
hoped, as they are also subjected to durability issues.60 Non electron-
conducting supports have also been proposed, e.g. the Pt/NSTF from
3M,64–66 but these materials failed to be implemented with suc-
cess in PEMFC systems on the field, owing to the difficulty to de-
liver stable electrocatalytic performances in non-perfectly-controlled
operation.

This brief literature overview demonstrates that no practical solu-
tion is presently capable to yield stable Pt-based electrocatalysts for
long-term operation in a PEMFC cathode. Besides, owing to the low-
cost, high-availability, easy-shaping properties and high conductivity
of nanostructured carbons, it seems wise to modify these supports
to render them more resistant toward (electro)chemical oxidation.
Surface modification of nanostructured carbons through grafting of
thiophenol groups or diazonium salts was investigated as a potential
method to improve the stability of Pt nanoparticles,67,68 but the effect
on the inherent resistance of the carbon support to corrosion was not
documented in these papers. Protective coatings by conductive poly-
mers has also been proposed,69 but the practical electronic conduc-
tivity of polymer-coated carbon supports was shown to degrade after
the deposition of the Pt nanoparticles, because the Ptz+ precursor may
attack the polymer coating, thus yielding loss of electronic percolation
and poor electrical performances.70 Among the strategies to protect
the carbon surface, fluorination soon arose as a relevant technique,
owing to the inherent resistance of C-F bonds to electrooxidation.71

This strategy has been, to some extent, explored for the protection of
the carbon used in Li battery electrodes.72,73 Fluorine-doped carbons
exhibit enhanced oxygen reduction activity over their bare counter-
parts, both in acidic74,75 and alkaline electrolytes.76 Recently, fluori-
nation of carbon supports has also been proposed to prepare Pt-based
electrocatalysts for oxygen reduction in PEMFC.77 However, it has
been shown that fluorination must be conducted prior to Pt deposition
at the carbon substrate, as post-fluorination of a Pt/C electrocatalyst
leads to deactivation of the Pt nanoparticles. Fluorination of the car-
bon support enables to bind fluorine atoms to their dangling groups,
the latter likely being the ones that are oxidized first during PEMFC

operation.12,78 Keeping this idea in mind, it is not surprising that steam
etching of high surface area carbon blacks (i.e. preferentially corro-
sion of the structurally-disordered domains) enhances their resistance
to corrosion in simulated PEMFC operating conditions.79 Quantify-
ing dangling groups of porous carbons can be achieved by Electron
Paramagnetic Resonance (EPR). This technique is based on the para-
magnetic properties of molecular oxygen (O2) molecules, and on the
fact that these can bind with surface dangling groups of carbon; as
such, their presence or absence will affect the EPR signal of porous
carbons.80,81 Indeed, the dangling groups that exist at the surface
of all porous carbons are magnetically coupled with O2 molecules,
thereby decreasing their density of spin. A simple procedure that
consists of comparing the EPR spectra of a given carbon support in
vacuum (in absence of O2 molecules) and in air (in presence of O2

molecules, enabling their coupling with dangling groups of carbon)
enables to track the surface dangling groups of carbon materials, as
only these ones are susceptible to interact with O2 molecules under air
(Figure 1). Hence, if one can efficiently bind these surface dangling
groups of carbon with F atoms, the resulting fluorinated carbon sub-
strate could be less prone to corrosion in PEMFC-mimicking environ-
ment than its non-fluorinated analogue.

To test this hypothesis, in the present contribution, a wide set
of carbon supports featuring different structural and textural proper-
ties were used both bare and functionalized by partial fluorination.
Pt nanoparticles of similar individual crystallite sizes were then de-
posited using a modified polyol method,82 so that the comparison of
their electrochemical activities and durabilities is not biased by any
Pt nanoparticle size effect.83–88 These in-house electrocatalysts were
fully characterized by complementary physicochemical and electro-
chemical techniques, and then tested for the oxygen reduction reaction
(ORR) in rotating disk electrode configuration, both before and after
accelerated stress test (AST) procedures. These comparisons enabled
to draw conclusions about the potential benefit of fluorination on the
durability of Pt/C electrocatalysts.

Experimental

Carbon substrates.—The carbon substrates used in the present
study are based on two sets of materials. Firstly, a commercial high
surface area carbon (Imerys Graphite & Carbon, ENSACO 350 G
Conductive Carbon Black, hereafter denoted by “EN”) and a com-
mercial graphitized acetylene black (YS, from SN2A: Société du Noir
d’Acétylène de l’Aubette, hereafter denoted by “YS”) were used for
fluorination and/or Pt nanoparticles deposition without further treat-
ment. Secondly, a carbon aerogel was prepared in-house using the
well-known Pekala method.89 The synthesis protocol has been thor-
oughly described in earlier contributions of the authors.77,90 Briefly,
the two precursors, resorcinol (R, 99% C6H6O2, Alfa Aesar) and
formaldehyde (F, 37 wt% CH2O in aqueous solution stabilized with
10–15 wt% methanol) were mixed with the sodium carbonate (C,
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99.9999% Na2CO3, Sigma Aldrich) catalyst in deionized water with
molar ratios F/R = 2, R/C = 200 and 5 wt% solid in solution. The
resulting solution was then heated at T = 358 K under confined at-
mosphere for one week for gelation and mechanical handling. After
exchange of the water by acetone, the gel was dried in supercritical
CO2 conditions (80 bars, 310 K). The resulting organic aerogel was
then pyrolyzed at T = 1323 K under nitrogen flow, leading to the car-
bon aerogel sample (hereafter noted “CA”). The synthesis parameters
have been chosen in order to obtain carbon aerogel material with a
porous 3-dimensional architecture compatible with limited diffusive
overpotential in PEMFC.91

Fluorination of the carbon supports.—The fluorination was per-
formed by gas-solid reaction with a defined amount of pure F2 gas (1 L
per 200 mg of carbon sample) into a nickel reactor covered with a NiF2

passivation layer. Firstly, O2 and moisture from air were purged thanks
to a continuous flux of N2 for t = 1 h. Then, the reactor was filled with
the desired amount of fluorine and closed to favor the reaction with
carbon during a set time at a dedicated fluorination temperature, that
was adapted to the nature of the carbon sample. Finally, the reactive
atmosphere was eliminated under N2 flow for t = 1 h. In the case of the
EN sample, fluorination was performed at room temperature during
15 min. The fluorination rate was determined by weight uptake and
the atomic fluorine/carbon ratio (F/C) and was determined to be 0.24
for EN. The sample is noted EN-F-24%. The same fluorination con-
ditions were applied to CA, giving a F/C ratio of 0.25 (sample noted
CA-F-25%). For YS, different fluorination temperatures were applied
for 1 h. For a fluorination temperature of T = 423 K, T = 623 K and
T = 643 K, a F/C ratio of 0.05, 0.14 and 0.37 was obtained, respec-
tively. The corresponding samples are noted: YS-F-05%, YS-F-14%
and YS-F-37%, respectively.

Deposition of colloidal pt nanoparticles according to a modified
polyol process.—The deposition of the Pt nanoparticles onto the var-
ious carbon supports was performed as follows: a given amount of
Pt salt (H2PtCl6-xH2O, 99.9% metal basis, Alfa Aesar) was first dis-
solved in a 2:1 ethylene glycol (Rotipuran >99.9%, Roth):deionized
water (18.2 M�) solution (typically 88 mg of Pt salt in 100 mL of so-
lution). Then, the solution was rendered alkaline up to pH = 12.5 and
vigorously stirred under argon atmosphere during t = 1 h, prior to the
temperature increase at T = 393 K, this temperature being maintained
during t = 3 h. Meanwhile, the carbon support was dispersed in a 1:1
ethylene glycol:deionized water solution, aiming a theoretical load-
ing of Pt onto the carbon support of 40 wt%. The solution containing
the Pt colloidal solution and the dispersed carbon support were then
mixed and the pH of the solution was decreased down to pH = 2.5
to allow the nanoparticles deposition onto the carbon support (see82

and92). After t = 22 h, the solution was filtered, washed and dried for
t = 45 min at T = 383 K.

Electrochemical experiments.—The electrochemical characteri-
zations were performed in an in-house four-electrode electrochemical
cell. A glassy-carbon rotating disk electrode (RDE) tip was used
as working electrode. A glassy-carbon electrode was used as
counter-electrode (CE) to avoid any contamination of the electrolyte
by metal cations of the CE. The reference electrode was a commercial
reversible hydrogen electrode (RHE, Pt/Pd-Hydrogen electrode
with internal hydrogen source, HydroFlex – Gaskatel) for operation
in the durability cell (operating at T = 353 K, see below), and
a freshly-prepared in-house RHE for the electrochemical activity
experiments, performed in a similar cell maintained at T = 298 K
(see below). Finally, a Pt wire connected to the reference electrode
through a capacitive bridge was used as filter to avoid the electrical
noise in the electrochemical measurements.93 The working electrode
was a thin-film rotating disk electrode prepared as follows. A 0.392
gPt/C L−1 of Pt/C suspension, composed of 5 wt% Nafion solution,
corresponding to a 0.3 Nafion/Carbon ratio, (Aldrich), ultrapure
water (3.6 mL) and isopropanol (1.446 mL, Roth >99.5%), was
ultrasonically treated for 15 min to obtain a well-dispersed ink.
One calibrated drop (10 μL) of this ink was deposited on the

in-house-designed glassy-carbon RDE tip for the electrochemical
tests. The resulting Pt loadings was 20 μgPt cm−2. Before any
experiment, the glassware was soaked with concentrated Caro’s acid
(96% H2SO4 – 30% H2O2 mixture) at least overnight, thoroughly
rinsed with ultrapure water, and then further boiled in ultrapure water
to remove any trace of sulfate anions (that could strongly adsorb at
Pt sites and alter the electrochemical measurements).

Concentrated HClO4 (Suprapur, Merck) was used as received to
prepare the 0.1 M HClO4 electrolyte solutions upon appropriate dilu-
tion in ultrapure water (18.2 M� cm, 1–3 ppb total organic carbon,
TOC, Millipore). The electrolyte was purged with argon (Ar >99.99%
Messer), carbon monoxide (CO >99.997% Messer) or oxygen (O
>99.995% Messer) depending on the characterization carried-out.
The accelerated stress tests were either a base load cycle procedure
(succession of 15,000 cyclic voltammetries between E = 0.6 V vs.
RHE and E = 1.0 V vs. RHE at a scan rate v = 50 mV s−1) or a
start-stop procedure (succession of 1,000 three-second potential steps
between E = 1.0 V vs. RHE and E = 1.5 V vs. RHE), performed
in 0.1 M HClO4 at T = 353 K under inert atmosphere. Before and
after these ASTs, the electrocatalysts were characterized in terms of
electrochemical surface area (using CO-stripping voltammetry) and
oxygen reduction activity (ORR, using linear scan voltammetry) in
a dedicated cell. In that case, the electrolyte was 0.1 M HClO4 at T
= 298 K and was changed before the post ageing characterizations.
Overall, the electrochemical procedures are fully described in Ref. 94.

Physicochemical characterizations.—EPR spectra were acquired
with a Bruker EMX digital X band (ν = 9.653 GHz) spectrometer.
Diphenylpicrylhydrazil (DPPH) was used as the calibration reference
to determine the resonance frequency. To avoid saturation of the cavity,
very low sample weights were used, i.e. less than 0.1 mg. The accuracy
on weight did not allow the absolute spin density to be estimated.

Nitrogen adsorption isotherms were measured at T = 77 K by a Mi-
cromeritics ASAP 2020 automatic apparatus. Before measurements,
samples were pre-treated under secondary vacuum at T = 523 K for
12 h for sufficient removal of adsorbed impurities.

The electronic conductivity was investigated by a direct resistance
measurement with a cell conceived in-house. 50 mg of material were
introduced between two copper electrodes (surface 0.7854 cm2) sur-
rounded by a Teflon ring. When a pressure of 6.37.107 Pa (0.5 ton)
was applied, different currents were applied (−105 mA, 105 mA and
400 mA) with a potentiostat and the value of the tension for each
current was recorded. The electronic conductivity σ was calculated as
an average of the 3 values obtained with the 3 currents using the for-
mula σ = e.I/U.S where e is the thickness of the sample, I the current
applied, U the tension measured and S the surface of the electrode.

Raman spectroscopy was used to study the fresh and aged electro-
catalysts. The spectra were recorded ex situ using a Renishaw RM1000
spectrometer. The wavelength LASER excitation was λ = 514 nm.
For the sake of comparison, the Raman spectra were normalized to the
intensity of the graphitic lattice band (at about ν = 1585 cm−1). Curve
fitting was performed using the LabSpec software. Mean crystallite
size of the carbon particle (lateral extension of the graphite planes)
was determined with the Knight and White formula, both for the bare
carbon supports and the fluorinated ones, prior to any electrochemistry
and for all materials after the ASTs. Overall, the whole procedure is
thoroughly described in Ref. 12.

The electrocatalysts Pt content was determined by AAS (PinAACle
900F, PerkinElmer). The electrocatalysts (m = 5 ± 1 mg) were first
digested in a 1 mL HCl:HNO3 3:1 solution made from high-purity
acids (37 vol.% ACS Reagent Sigma Aldrich and 65 vol.% Sigma-
Aldrich, respectively) for t = 72 h at T = 298 ± 1 K. The solution
was then diluted sevenfold to reach the AAS range for Pt and Ni. The
wavelength considered for Pt was λ = 266 nm.

The different electrocatalysts were analyzed using a PANalyt-
ical X’Pert Pro MDP vertical goniometer/diffractometer equipped
with a diffracted-beam monochromator using CuKα radiation (λ =
0.1548 nm) operating at U = 45 kV and I = 40 mA. The 2θ angle
extended from 20 to 92◦ (step size of 0.084◦). The X-ray Diffraction
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Table I. Physicochemical and textural parameters of the various carbon substrates used in the study, either bare or after fluorination. “n.d.”
stands for not determined. ∗ Imerys Graphite & Carbon reports a value of 770 m2 g−1. # SN2A reports a value of 110 ± 10 m2 g−1.

Sample
BET area (m2

g−1)
Carbon particle

size (nm) La (nm) Fluorination (%)
Surface dangling

groups (%)
Electronic

conductivity (S cm−1)

EN 808∗ 50 ± 10 1.2 0 31 2.6
CA 656 15 ± 5 0.7 0 ≈ 100 2.3
YS 126 # 30 ± 10 3.5 0 27 2.9

EN-F-24% 630 40 ± 10 1.3 24 17 0.2
CA-F-25% 519 15 ± 5 0.9 25 97 0.05
YS-F-05% 117 35 ± 10 1.8 5 43 n.d.
YS-F-14% 137 35 ± 10 1.5 14 10 0.1
YS-F-37% 215 35 ± 10 1.3 37 8 n.d.

(XRD) data was used to quantify the average crystallite sizes of the
Pt nanoparticles (dXRD) using the Scherrer equation.

The Pt/C nanoparticles were observed using transmission electron
microscopy (TEM), realized on a Jeol 2010 microscope equipped
with a LaB6 filament (point-to-point resolution of 0.19 Å). From the
micrographs, the isolated nanoparticles of platinum were enumerated,
and representative average nanoparticle diameters were calculated
(dN, dS, dV, see e.g.34).

Results and Discussion

Physicochemical properties of the bare and fluorinated
carbons.—The BET surface area of the various carbon supports
was measured by nitrogen absorption. The high surface area car-
bon (Imerys Graphite & Carbon ENSACO 350 G Conductive Carbon
Black, hereafter denoted by “EN”) features the highest BET area (ca.
800 m2 g−1

EN, in agreement with the provider’s information: 770 m2

g−1
EN), followed by the in-house-prepared carbon aerogel (hereafter

noted “CA”, ca. 650 m2 g−1
CA) and then the commercial graphitized

acetylene black (YS, from SN2A: Société du Noir d’Acétylène de
l’Aubette, hereafter denoted by “YS”, ca. 120 m2 g−1

YS, in agreement
with the provider’s information: 110 m2 g−1

YS). Upon fluorination,
the trend is usually that the BET area decreases (Table I), at least
when the initial carbon BET area is “large”, as already observed by
Berthon-Fabry et al.72 by an enlargement of the pores size; the same
proceeds for the YS support when the fluorination rate is small (YS-
F-05%). However, for the YS support, high fluorination rates yield
increased BET area, the increase scaling with the fluorination rate.
This suggests that the porosity of the YS carbon “opens” upon flu-
orination, in agreement with literature.95 Hence, fluorination can be
assimilated to a decomposition reaction of the YS support by the F2

precursor, which could be detrimental to the material’s stability. This
hypothesis will be tested hereafter.

Raman spectroscopy was used to probe the structural properties of
the various carbon support materials, and in particular to determine
the extent of their graphitization, via the average in-plane crystallite
size value: La. The initial CA is near-completely amorphous (La =
0.74 nm), while YS displays a very graphitic texture (La = 3.54 nm).
The third sample exhibits intermediate characteristics, (La = 1.2 nm),
which indicates that EN is essentially a mixture of small graphitic
domains separated by amorphous regions, which is typical of the tur-
bostratic structure of high-surface area carbons (see e.g. Ref. 36).
The different carbon supports behave in a markedly different man-
ner upon fluorination. For the initially disorganized (poorly-graphitic)
carbons, i.e. CA and to a lesser extent EN, fluorination leads to a
non-negligible increase of La. This feature indicates that the amor-
phous domains (e.g. the dangling groups of carbon that are a marker
of their surface disorder80,81) are reacting with the fluorine precursor
prior to the more graphitic domains of carbon (Figure 1). In that ex-
tent, the fluorination process resembles the initial “corrosion” steps
of the carbon support in PEMFC cathode environment: the disordered
(non-graphitic) domains of carbon are populated by oxygenated sur-
face groups in priority, and therefore corrode preferentially.12 Then,

in a second step, the graphitic domains are progressively amorphized
in water/oxygen-containing media (i.e. typically the operating condi-
tions of a PEMFC cathode) into oxygenated surface groups, which
are known to trigger their corrosion. That second process can again
be compared to the effect of fluorination of the graphitic carbon:
La severely decreases from the bare YS to the fluorinated YS-F-x%
substrates signing that, in absence of disordered carbon domains, flu-
orination proceeds by the progressive “unzipping” of the graphitic
domains. In consequence, it is observed that the larger the extent
of fluorination, the larger the decrease in La (Table I). In this case,
one can conclude that the fluorination progressively destroys the
graphitic domains of the YS carbon to convert them into surface
C-F bonds, and then bulk C-F bonds if the extent of fluorination
further increases. These findings corroborate the changes of BET
area upon fluorination discussed above, and were observed by Guerin
et al. in a former study.95

The fluorination rate (calculated as the ratio between the F and
the C atoms: Fluorination = F / C x 100) was measured by weight
gain with respect to the initial support in the fluorination oven and
are listed in Table I. It was deliberately chosen to have average-high
and “comparable” degrees of fluorination for the EN and CA samples
(ca. 25%), since these carbons display large BET surface areas. For
the graphitic YS carbon, of much smaller BET area, the fluorination
was varied from a low (5%) to a high (37%) value, an intermediate
value (14%) being also targeted to evaluate whether there exists an
optimal extent of fluorination. This latter degree of fluorination has
been chosen to make possible a comparison of the behavior of the
three types of fluorinated carbons with one another, at a “near-similar”
extent of surface-fluorine atoms (EN-F-24% and CA-F-25% samples
will be compared with YS-F-14% for that purpose).

The EPR data, some examples of which are presented in Figure 1,
are summarized in Table I. CA displays near 100% surface dangling
groups, in agreement with (i) the very small size of the CA particles
and (ii) their very amorphous behavior (see Raman measurements).
To be more specific, the amount of carbon dangling groups of the
bare supports more or less scales with the degree of “organization”
of the bare substrates: more graphitized carbon supports (the larger
La) yield smaller proportion of (surface) dangling groups. Upon fluo-
rination, the amount of “free” dangling groups is reduced, since they
preferentially react with the fluorine precursors (see Introduction).
For a higher degree of fluorination (e.g. YS-F-37%), it is likely that
not only the surface dangling groups of carbon are combined with
F atoms, but that bulk dangling groups also start being fluorinated.
This effect is not desirable, as it destroys the graphitic structure of
YS and decreases its electronic conductivity (as indicated in Table I).
In essence, heavily-fluorinated carbons exhibit very low values of La:
here again a parallel can be drawn with the electrochemical corrosion
of carbon supports in PEMFC cathode environment during which La

values are decreasing both in “half-cell”12,39,44,78,96 and real PEMFC
systems.13,14,97

Physicochemical characterization of the Pt-based
electrocatalysts.—These materials, all presented in Table I,
were then used to synthesize carbon-supported nanoparticles. A
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Table II. Physicochemical and textural parameters of the various
Pt/C electrocatalysts. The Pt wt% were calculated at ± 1% and
the average nanoparticles diameter at ca. ± 0.2 nm (see Figure S6
for the XRD pattern of the YS-F-05%).

Sample
Pt content

(wt% - AAS) dN (nm) dS (nm) dV (nm) dXRD (nm)

EN 32.7 2.4 3.1 3.5 2.3
CA 36.8 2.2 2.6 2.9 2.0
YS 30.9 2.2 2.4 2.5 2.6

EN-F-24% 37.5 2.6 3.1 3.4 2.8
CA-F-25% 32.9 2.6 3.4 3.9 2.0
YS-F-05% 38.2 2.4 2.6 3.1 11.2
YS-F-14% 25.2 2.4 2.7 2.9 2.3
YS-F-37% 21.0 2.8 3.1 3.3 2.7

nominal Pt loading of 40 wt% was targeted, and this value was essen-
tially reached for all the samples, as measured by atomic absorption
spectrometry (Table II). A similar batch of Pt colloids (prepared by
the modified polyol synthesis) was used for Pt deposition at all the
different carbon substrates. In this manner, the Pt crystallites shall be
identical for all the samples, and the various electrocatalysts differ
essentially by their extent of Pt nanoparticles agglomeration but not
by their individual Pt nanocrystallite sizes. The latter, determined
from XRD spectra using the Scherrer equation, demonstrates that this
objective was fulfilled for all the samples (dXRD only varies between
2.0 and 2.8 nm, except for the heavily-fluorinated graphitic carbon,
YS-F-37%, for which dXRD = 3.5 nm): the individual crystallites of
Pt are basically of the same size for all the samples, irrespective of
the nature of the carbon support (fluorinated or not) and of the degree
of fluorination.

The TEM micrographs of Figure 2 and Figure 3 confirm that, in-
deed, the size of the isolated Pt nanoparticles was essentially similar.
The number-averaged Pt nanoparticles diameter, extracted from par-
ticle size distribution on ca. 200 isolated Pt nanoparticles, varies in
the range 2.2 < dN < 2.8 nm for all the samples, in perfect agree-
ment by the value of dXRD presented above (Table II). However, the
Pt nanoparticles are organized differently onto different carbon sup-
ports; in particular, different degrees of agglomeration were obtained.
In essence, the Pt nanoparticles are more agglomerated for the low-
surface area carbon (YS) than for the high-surface area one (EN). The
case of the CA is peculiar in the way that, due to the large BET area
of this substrate, one would have expected a better dispersion of the
Pt nanoparticles and a lower extent of agglomeration, which was not
witnessed in Figure 2. This is because CA is a monolithic carbon,
hence the “intrusion” of the Pt colloids in the pores is not granted. As
a result, most of the Pt nanoparticles are agglomerated on the outer
surface of the carbon micro-monoliths, causing this heterogeneous
distribution of the Pt nanoparticles. In consequence, it is likely that
the core of the micro-monoliths is essentially free of Pt nanoparticles
(or at least less populated than the outer surface).

Figure 3 indicates that the presence of C-F groups at the fluori-
nated carbon surface was of little influence on the Pt nanoparticles
dispersion. This differs from the results of Berthon-Fabry et al.,77

for which the distribution and coverage of the Pt nanoparticles was
non-negligibly differing in presence/absence of fluorination, and this
probably results from the method used at the time (the deposition
of Pt was then performed by a water-in-oil microemulsion method).
Apart from the two heavily-fluorinated YS carbon (YS-F-14% and
YS-F-37%), for which it is likely that bulk fluorination had occurred,
the Pt wt% reached was also not altered by the extent of fluorination
(Table II). In addition, the distribution of the Pt nanoparticles at the
fluorinated carbon supports appears homogeneous (even if some re-
gions of carbon with little Pt nanoparticles coverage could be, very
occasionally, found, in particular for the heavily-fluorinated sample
YS-F-37%, and on the opposite very high coverage was found in sev-
eral regions for YS-F-5%), as is the average extent of agglomeration
for a given carbon (fluorinated or not). This means that the main driver

Figure 2. Representative TEM micrographs of the Pt/C nanoparticles de-
posited at the bare carbon supports, at low (left) and high (right) magnification.

for Pt nanoparticles agglomeration is the available carbon specific sur-
face area and not the local surface chemistry of the substrate. Only for
the EN and EN-F-24% samples can this statement be (a little) put into
question; the extent of Pt nanoparticles agglomeration seems slightly
larger for the fluorinated material than for its bare counterpart. This
result may be due to electrostatic repulsions between the fluorinated
groups of the carbon support and the negatively charged PtCl6

2− ions
used for the Pt nanoparticles synthesis. Favoring attractive interac-
tions between the oxide groups of the carbon support and the Pt salt
precursor is the basis of the “Strong Electrostatic Adsorption” (SEA)
technique first introduced by Regalbuto and co-workers.98–100 The au-
thors have shown that the oxide groups present at the carbon surface
protonate and positively charge, favoring anion adsorption at pH be-
low the point of zero charge (PZC); conversely anion adsorption is
disadvantaged at pH located above the PZC, hence favoring agglomer-
ation of the depositing metal nanoparticles. In summary, the different
Pt/C samples differ by their extent of Pt nanoparticles agglomera-
tion, but neither by their Pt wt% and Pt nanoparticles (and crystallite)
size.

Electrochemical characterizations in the pristine state (before
AST).—These materials were then tested electrochemically, firstly
in terms of initial COads stripping behavior and of ORR activity
in 0.1 M HClO4 electrolyte. A set of representative background-
subtracted COads stripping voltammograms is presented for the eight
Pt/C samples in Figure 4. The COads stripping voltammograms fea-
tures are confirming the results of the physicochemical data: the ex-
tent of Pt nanoparticles agglomeration is non-negligible in all cases,
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Figure 3. Representative TEM micrographs of the Pt/C nanoparticles de-
posited at the fluorinated carbon supports, at low (left) and high (right) mag-
nification.

except for the non-fluorinated EN sample, as reveled by the presence
of low-potential pre-peak of COads stripping in that latter case.101,102

For the low BET area YS sample and the “poorly-intruded” CA,
non-negligible agglomeration of the Pt nanoparticles is confirmed,
the extent of which grows upon fluorination. On the contrary, only
small differences in terms of (rather symmetric) shape and potential
of the main peak of COads stripping voltammograms can be observed
for the Pt/C electrocatalysts in their pristine state (“Fresh” traces in
Figure 4), showing that the Pt nanoparticles are in all case essentially

Figure 4. Representative COads stripping voltammograms of the various Pt/C
samples measured in 0.1 M HClO4 at T = 298 K before (Fresh) and after
15,000 cycles of AST in the range 0.6 < E < 1.0 V vs. RHE in 0.1 M HClO4
at T = 353 K. Comparison of the (A) non-fluorinated EN, CA and YS, (B)
average-fluorinated EN, CA and YS and (C) YS with increasing extent of
fluorination.

monodisperse (confirming the Pt diameter values of Table II) and
comparable for all the samples. The only material that, in occasion,
diverges from this trend (and this strongly depends on the electrode
characterized, see Figure 6) is the YS-F-05% for which the main COads

stripping peak is essentially absent, revealing the extremely agglomer-
ated nature of this sample. This agrees with its high Pt wt% and rather
heterogeneous nature (regions of the carbon with very high extent of
Pt nanoparticles agglomeration and coverage do coexist with other
“normally”-populated areas). The electrochemical surface areas of
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Figure 5. Representative electrochemical properties of the
various Pt/C samples measured in 0.1 M HClO4 at T = 25◦C
before (Fresh) and after 15,000 cycles of AST in the range
0.6 < E < 1.0 V vs. RHE or after 1000 cycles of AST in
the range 1.0 < E < 1.5 V vs. RHE in 0.1 M HClO4 at T
= 80◦C. (A) Specific activity of ORR (SA0.95) and (B) mass
activity of ORR (MA0.95), both parameters being measured
after correction of the mass-transport and ohmic-drop limi-
tations at E = 0.95 V vs. RHE. (C) Electrochemical surface
areas of platinum (SPt,CO) extracted from the CO-stripping
peak coulometry, assuming QPt,CO = 420 μC cm−2

Pt.

platinum (ECSA, hereafter quantified by SPt,CO) can be extracted from
the COads stripping coulometry, assuming QPt,CO = 420 μC cm−2

Pt.
These values are reported in Figure 5C and Table III. They essentially
confirm the trends brought by the physicochemical characterizations
discussed above: for the non-fluorinated carbons, the ECSA scales

with the BET surface area of the support (and denotes for the larger
extent agglomeration for the low-surface area YS carbon and for the
poor penetration of the porosity for the CA). This trend is somewhat
leveled for the fluorinated carbons with an average fluorination ex-
tent (Figure 5C), as a result from a compromise between the partial

Table III. Summary of the kinetic parameters extracted from the ORR voltammograms for the various Pt/C samples. Rk is the increase of the
resistance to the ORR kinetic current upon the start-stop AST.

Sample SPt,CO (m2 gPt
−1) SA0.95 (μA cmPt

−2) MA0.95 (A gPt
−1) Rk (Fresh → Start-Stop) (� cmPt

2)

EN 82.7 ± 10.2 20.5 ± 1.1 16.9 ± 1.2 207 ± 14
CA 53.3 ± 12.6 31.9 ± 2.8 16.8 ± 2.4 190 ± 10
YS 29.2 ± 2.3 40.7 ± 3.9 11.4 ± 0.4 17 ± 02

EN-F-24% 45.6 ± 9.1 39.5 ± 0.3 17.9 ± 3.7 31 ± 01
CA-F-25% 48.4 ± 8.2 42.2 ± 2.1 20.4 ± 2.5 172 ± 09
YS-F-05% 33.5 ± 3.9 35.8 ± 3.0 12.9 ± 1.1 36 ± 02
YS-F-14% 45.6 ± 9.1 49.3 ± 5.7 23.5 ± 1.6 18 ± 01
YS-F-37% 56.2 ± 0.5 44.6 ± 4.5 27.5 ± 1.1 20 ± 01
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occupation of carbon dangling groups by F atoms (reducing the pos-
sibility of Pt nanoparticles stabilization in these regions and therefore
decreasing the ECSA for fluorinated amorphous carbons: EN and CA)
and the fluorination-induced partial amorphization of the graphitic YS
carbon support, which enhances the interaction between the substrate
and the Pt nanoparticles. This effect is spectacular and well witnessed
in Figure 5C: the higher the fluorination rate, the larger the apparent
ECSA and lower the extent of Pt nanoparticles agglomeration (Figure
4C).

The oxygen reduction activity of the pristine Pt/C electrocatalysts
(referred to as “Fresh” in what follows) was then evaluated. A rep-
resentative ORR voltammogram is given in Figure S1 for YS and
YS-F-37%. From the ORR characterizations, two important param-
eters were extracted: the specific activity and the mass activity for
the ORR, both measured after correction of the mass-transport and
ohmic-drop limitations at E = 0.95 V vs. RHE. The corresponding
values of specific activity (SA0.95) and (MA0.95) are displayed in Figure
5A, Figure 5B and Table III, respectively, while the specific activity
(SA0.90) and mass activity (MA0.90) are provided in Table S1.

For the initial bare carbons, SA0.95 scales inversely with the ECSA
(SPt,CO) and therefore to the BET surface area of the carbon supports
(SA0.95 decreases in the order YS > CA > EN). It also scales directly
with the extent of Pt nanoparticles agglomeration this may be ac-
counted for by the higher ORR activity of interconnected Pt nanopar-
ticles in agglomerates, as recently unveiled by Dubau et al.103,104 (as
here, there is literally no difference of ORR activity to be expected
by the so-called Pt nanoparticle size effect mentioned above,83,84 be-
cause the differences of individual crystallite sizes are very small, see
Table II). On the contrary, the MA0.95 values place the materials in the
opposite order (MA0.95 decreases in the order EN ≈ CA > YS), due to
different SPt,CO values (Table III). Concerning the average-fluorinated
samples, all are more active than their bare carbon equivalents (both
in SA0.95 and MA0.95), in line with the fact that fluorinated carbon
surfaces present a non-negligible ORR activity both in acidic74,75 and
alkaline electrolytes.76 Besides, the larger the fluorination rate, the
larger the ORR activity, especially in terms of MA0.95.

Durability and electrochemical activity in base-load cycles
(15,000 steps for 0.6 < E < 1.0 V vs. RHE).—The Pt/C samples
were all submitted to potential cycling in the range 0.6 < E < 1.0 V
vs. RHE, to test their robustness in “base-load” conditions. All the
electrocatalysts show a depreciated ECSA after the AST, except YS,
for which the slight increase of ORR activity versus the Fresh state is
within the error bar (Figure 5C). These results confirm that the extent
of graphitization has a very negligible influence on the degradation of
the electrocatalysts in the 0.6 < E < 1.0 V vs. RHE potential range,
as previously reported in Refs. 12, 39. However, it is worth noting
that the load-cycle protocol resulted in a minor corrosion of the non-
graphitized part of the carbon support, as evidenced by the increase of
La (determined from the Raman spectrum presented in Figure S4A, see
Table IV) for all carbon support except YS (i.e. the already graphitized
carbon), which can be accounted for by a diminution of the density of
non-graphitized domains in the carbon support.

In terms of ORR activity, except for EN, for which a slight im-
provement of SA0.95 is noted (because of the higher agglomeration
of Pt nanoparticles), all the SA0.95 and MA0.95 values do depreciate
upon the base-load protocol. This depreciated ORR mass activity es-
sentially originates from the decrease in SPt,CO in these conditions,
mostly associated to Ostwald ripening and the Pt-catalyzed carbon
support corrosion.12,39 Indeed, the Pt nanoparticles are rounder and
larger after the base-load protocol (see the representative TEM mi-
crographs of Figure S2 and Figure S3) than they were before (see
Figure 2 and Figure 3). However, their extent of agglomeration does
not increase sharply upon the AST, which agrees with former report39

that the base-load protocol is not the most aggressive to the carbon
support material. To summarize, the base-load protocol mildly de-
graded the Pt/C nanoparticles. They essentially undergo significant
growth of Pt mean diameter according to Ostwald ripening88,105 and
very minor agglomeration due to moderate carbon corrosion. In these

Table IV. Changes in the average in-plane crystallite size of the
carbon (La) for the various carbon support discussed in this work,
after the load-cycle (15,000 cycles between 0.6 and 1.0 V vs. RHE
at 50 mV/s) and the start-stop (1,000 square cycles between 1.0 and
1.5 V vs. RHE) protocols.

La (nm)

Fresh load-cycle start-stop

EN 1.2 1.5 1.7
CA 0.7 3.3 1.8
YS 3.5 3.6 2.0

EN-F-24% 1.3 1.7 1.7
CA-F-25% 0.9 1.4 1.9
YS-F-05% 1.8 2.6 2.1
YS-F-14% 1.5 1.9 1.6
YS-F-37% 1.3 2.0 2.0

conditions, the non-negligible SPt,CO loss is counterbalanced by the
gain in specific activity associated with the growth of the nanopar-
ticles, resulting in moderate decrease in mass activity. Because the
carbon supports are (slightly) corroding in a process that is catalyzed
by Pt nanoparticles, there are almost no differences in the fate of the
Pt/C electrocatalysts, whatever their initial degree of graphitization or
their (rate of) fluorination.

Durability and electrochemical activity in start-stop cycles (1,000
steps for 1.0 < E < 1.5 V vs. RHE).—The picture clearly changes
when the AST is more severe toward the carbon supports, i.e. for the
start-stop AST protocol, (1,000 three-second potential steps for 1.0 <
E < 1.5 V vs. RHE).

Bare carbon substrates.—When one looks at the voltammograms
in supporting electrolyte, a change of the double layer capacitance
can be noticed for 0.3 < E < 0.5 V vs. RHE (Figure 6A): (i) the
EN quinone-hydroquinone features undergo a dramatic decrease in
electrical charge, the latter being associated to a severe drop of the
response of the Pt-hydrogen and Pt-oxide features, sign of an intense
degradation of this electrocatalyst. (ii) The CA and the YS suffer
from similar losses in ORR mass activity and specific surface area.
This is surprising considering the amorphous nature of the CA but,
while looking at the Figure 6A, one can see that the charge under
the quinone-hydroquinone peak increases, this being significant for
an incomplete corrosion of the carbon support (C → COsurf), by
opposition to the complete oxidation observed on EN. These dif-
ferences can be ascribed to the fact that for CA, most of the Pt
nanoparticles are located on the outer-surface of the carbon micro-
monoliths, which leaves substantial carbon surface “free” of Pt, and
therefore prone to surface functionalization (and not complete corro-
sion), which is a different situation than for the EN sample (where
most of the carbon surface is covered with Pt nanoparticles and there-
fore corroded entirely in the load-cycle protocol). The YS carbon
resistance to this AST is much higher than observed for EN, in line
with the better ability of graphitic carbon supports to withstand cor-
rosion at high electrode potential.12,39 However, the diminution in La

observed for the YS carbon during the start-stop protocol (La (fresh)
= 3.5 nm vs. La (aged) = 2.0 nm, see Table IV) is accounted for by
the creation of structural defects into its graphitic domains, i.e. their
corrosion.

Figure 7 enables going further in the analysis of the ORR activity
before/after AST P2. Figure 7E presents the variation of �Rk, i.e.
the changes in resistance induced by the degradation in the carbon
support during the ageing, determined from Figure 7A for the bare
carbons. Indeed, in the discussed potential range, the potential dif-
ference (�E) between the LSVs presented in Figure 7A before and
after the start-stop protocol evolves linearly with jk. Such linearity
suggests an increase in the resistance of the system (Rtot), the latter
corresponding to the sum of (i) the resistance of the electrolyte (Rel),
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Figure 6. (A, C and E) Representative voltammograms of the various Pt/C samples monitored in supporting electrolyte before (Fresh) and after 1,000 cycles
of start-stop protocol AST (1,000 three-second steps for 1.0 < E < 1.5 V vs. RHE in 0.1 M HClO4 at T = 353 K); (B, D and F) Representative CO-stripping
voltammograms of the various Pt/C samples measured in 0.1 M HClO4 at T = 298 K before (Fresh) and after 1,000 cycles of start-stop AST. (A, B) bare carbons,
(C, D) average-fluorinated carbons and (E, F) YS carbon with three different levels of fluorination.

of (ii) the glassy carbon (RGC) and of (iii) the catalytic layer (Rk – see
Figure 7D).106–110 Rel of ca. 20 � were determined by electrochemical
impedance spectroscopy (EIS) before and after the start-stop ageing
and RGC was assumed to be negligible, owing to the high electronic
conductivity of the glassy carbon. Therefore, the resistance variations
(�Rk) measured for the various electrocatalysts in Figure 7 were es-
sentially associated with the resistance of the catalytic layer, which
is composed of the internal resistance of the carbon grains, Rgr, the
resistance induced by the oxide groups onto the carbon surface (ex.
the quinone/hydroquinone species, RHQ) and the resistance of the car-
bon grain boundaries (Rcx). Thus, the increase of Rk (i.e. �Rk >0)
during the start stop AST corresponds to the degradation of the car-
bon support, likely by (i) the formation of the quinone/hydroquinone
oxide layer onto the carbon surface36,78 and/or (ii) the amorphization
of the carbon support, especially in the interconnection regions be-

tween the carbon grains, both phenomena resulting in an increase of
the carbon support resistance.110 All bare carbons (EN, CA and YS)
featured a positive variation of �Rk, while being much lower for the
YS than the EN and CA. This is not surprising considering that YS is
a graphitized carbon and, as such, is much more resistant to corrosion
in the 1.0–1.5 V vs. RHE potential range.39 It is however surprising
that, without noticeable degradation of the YS carbon support (�Rk

= 17 ± 2 � cmPt
−2), the latter loses ca. 65% of its Pt specific sur-

face during the P2 ageing (see Figure 5C, left). This can be explained
by a weak binding of the Pt nanoparticles onto the surface and, as
such, their detachment during the start-stop AST and/or a localized
corrosion of the carbon support around the Pt nanoparticles, resulting
in dramatic ECSA losses while the overall carbon structure remains
essentially intact. An elegant strategy based on space-confinement of
the Pt nanoparticles into the pores of hollow graphitic spheres was
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Figure 7. (A-C) Representative ORR
voltammograms of the various Pt/C samples
measured in 0.1 M HClO4 at T = 298 K
before (Fresh) and after 1,000 cycles of
start-stop AST, normalized by the specific
surface area of the electrocatalysts measured
by COads stripping and corrected from the
diffusion in solution and the ohmic losses.
(D) Schematic representation of the nature of
Rk, RGC being the resistance of the glassy
carbon, Rel the resistance of the electrolyte,
Rgr the resistance inside the carbon grain, Rcx
the resistance at the carbon grain boundaries
and RHQ the resistance induced by the carbon
oxide layer. (E-G) Variation in the resistance
of the catalytic layer before and after 1,000
cycles of start-stop AST, extracted from
Figures 7A–7C for the various Pt/C samples.
The y-axis corresponds to the difference
in potential at a given current density for
the LSVs in O2-saturated electrolyte before
and after the start-stop AST (see A). The
ORR measurement were performed in 0.1 M
HClO4 at T = 298 K for the (A) bare
carbons, (B) the average-fluorinated carbons
and (C) the YS sample at different rates of
fluorination.

recently proposed by Galeano, Pizzutilo et al.111,112 to prevent their
agglomeration/detachment under these operating conditions, and such
strategy could prove adequate in the case of graphitized supports like
YS.

Fluorinated carbon substrates.—When the CA, EN and YS car-
bons are fluorinated, the picture changes. The Pt features almost com-
pletely vanished after the start-stop AST for CA-F-25% (Figures 6C
and 6D), showing that fluorination is not a solution to protect this
carbon. This means that, even if C-F groups are stronger than C-O
groups in principle, they cannot insure the total protection of a com-

pletely amorphous carbon support. It is wise stating here that, as CA
has the smallest carbon particles size and smallest degree of graphi-
tization (Table I), it is likely that its extent of fluorination (25%)
was not enough to completely protect the micro-monoliths of CA
and/or to populate all the carbon surface dangling groups (in agree-
ment with the data of Table I). In turn, this endangered even more its
non-protected (non-fluorinated) regions (that are already very sensi-
tive to high-potential corrosion), that could have acted as “sacrificial
anodes” in the carbon corrosion process. As a result, the ORR activity
for the CA-F-25% completely vanishes upon AST P2 (Figure 7B and
Figure 7F). Furthermore, the variations of Rk during the P2 AST are
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almost identical for the carbon aerogel before and after fluorination
(i.e. �Rk = 190 ± 10 � cmPt

−2 and �Rk = 172 ± 9 � cmPt
−2

,

respectively), meaning that the carbon support suffers from similar
degradation whether it is fluorinated or not.

In opposition, the EN carbon support seems rather well protected
by an average fluorination rate (EN-F-24%). Even if a slight increase
of carbon oxide groups is noticed in the double-layer region of the
voltammograms of Figure 6C, the ECSA is clearly maintained to
a non-negligible extent (Figure 6D), which demonstrates the much
better stability of EN-F-24% versus EN. This improvement of the EN
stability by fluorination during start-stop AST is especially striking
while considering the changes in �Rk, i.e. �Rk = 207 ± 14 cmPt

−2

before fluorination and �Rk = 31 ± 1 cmPt
−2 after fluorination. This

signs that the C-F bonds in fluorinated EN-F-24% are stronger than
the C-O bonds that were present in the amorphous regions of its non-
fluorinated analogue. Combined to the presence of non-negligible
amount of graphitic regions in EN (Table I), the C-F bonds present at
its surface make of EN-F-24% a rather robust material upon aging in
start-stop AST. As a result, the ORR activity of EN-F-24% maintains
at a very interesting level (Figure 6H and Figure 7B). To be more
specific, the EN-F-24% sample maintains its ORR activity upon AST
as well as the graphitized carbon YS did (see Figure 7B), but with
the clear advantage to maintain a good dispersion of Pt nanoparticles
owing to the much higher BET surface area of the EN-based carbon
than for YS.

The YS graphitized carbon support shows an intermediate be-
havior between EN and CA; its durability is not improved by 14%
fluorination, and even is slightly degraded in terms of retained SPt,CO

and even more in terms of ORR activity (Figure 5, Figure 6, Figure
7 and Table III). As explained in the previous section relative to the
fluorination, binding fluorine atoms to a graphitic carbon implies that,
firstly, some disorder must be brought to the structure: C-C bonds must
be broken, since there is a very limited number of surface dangling
groups available, as a result of (i) the low initial BET surface area
of YS and (ii) of the small rate of surface dangling groups (Table I).
The present results show that, although this does not modify the fate
of the YS-supported electrocatalysts in the load-cycle AST (where
the carbon support chemistry/texture has a little influence on the rate
and nature of degradations), it severely depreciates the resistance of
its surface to corrosion during the start-stop AST. The overall carbon
support resistance does not dramatically increase during the start-stop
AST (i.e. a similar increase than without fluorination: �Rk = 36 ± 2
� cmPt

−2 vs. up to. �Rk = 17 ± 2 � cmPt
−2 for YS, see Figure 7),

meaning that all the ECSA losses occurs through localized corrosion
at the nanoparticles/support interface. This is a clear sign that C-C
bonds in graphitic regions are more stable than C-F regions in flu-
orinated carbons. Changing the rate of fluorination for YS has little
effect regarding the durability of YS-based Pt/C samples, both on the
retention of SPt,CO (Figure 5 and Table III) and on the rate of ORR
activity loss (Figure 7 and Table III). As a result, the larger initial ORR
mass activity of fluorinated-YS samples versus YS do not maintain
after the start-stop protocol (for the specific activities, having a high
degree of fluorination seems more beneficial than a low degree of
fluorination, but this does not render the materials more durable than
their non-fluorinated YS analogue).

To summarize, the start-stop protocol of AST severely degraded
the Pt/C nanoparticles. While they do not undergo significant growth
of mean diameter according to Ostwald ripening (because they are
passivated by a layer of Pt-oxides and because redeposition of Ptz+

ions is not favored in this potential domain), they undergo major
agglomeration and detachment following severe carbon corrosion in
this potential region.12,39,113,114 In these conditions, the non-negligible
ECSA losses cannot be counterbalanced by any growth of the nanopar-
ticles (which was the case for AST P1), resulting in severe decrease in
ORR mass activity. Besides, all the bare carbon supports are corrod-
ing in a very important extent. Unlike the load cycle protocol, there
is a large difference in robustness for the bare and fluorinated EN
carbons, the latter presenting a higher stability than the graphitized
YS. CA is however no more stable after fluorination, as YS, which

even seems destabilized by the fluorination, owing to the fact that this
process initiates its amorphization, a detrimental feature regarding
corrosion-resistance in the high potential domain.

Conclusions

Various carbon supports featuring different texture and structure
were fluorinated and used as supports to deposit Pt nanoparticles via
a modified polyol route. The electrocatalytic activity for the oxygen
reduction reaction and the stability of the resulting electrocatalysts
were investigated in conditions simulating potential variations at a
PEMFC cathode during load cycling (0.6 < E < 1.0 V vs. RHE)
or start-up/shutdown (1.0 < E < 1.5 V vs. RHE). The load cycling
protocol caused dissolution/redeposition of the Pt nanocrystallites via
Ostwald ripening but led to mild and similar electrochemically active
surface area (ECSA) losses and ORR activity for the Pt/raw or flu-
orinated carbon supports. In contrast, the bare carbon supports were
strongly corroded after the start-up/shutdown protocol, resulting in
pronounced detachment of the Pt nanocrystallites but no growth in
their size (because they are passivated by a layer of Pt-oxides and be-
cause redeposition is not favored in this potential domain). However,
different fates were observed for fluorinated structurally-ordered and
structurally-disordered carbon supports in these conditions: fluorina-
tion revealed beneficial for the structurally-disordered carbon supports
(carbon black, EN) but not for the structurally ordered one (graphitic
carbon, YS). This was rationalized by considering that “free” dan-
gling groups of carbon supports, which are preferentially oxidized
in PEMFC cathode environment, react with the fluorine precursors
and thus become less prone to oxidation. In contrast, fluorination
of structurally-ordered (graphitic) carbon supports creates structural
disorder (C-C bond are broken during the process) and depreciates
their resistance to electrochemical corrosion. These findings open for
the first time the possibility to achieve simultaneously a balance be-
tween high carbon specific surface area (hence high Pt dispersion) and
limited carbon corrosion under automotive PEMFC conditions.
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