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Nanostructured carbons were Ruorinated and used as supports for Pt nanoparticles deposition using a modibed 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 cyclirg 06 1.0 V vs. RHE)

or start-up/shutdown (1.& 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 signibcant particle-size growth. Fluorination had different
effects on the stability of structurally-ordered and structurally-disordered carbons: benepcial effects were observed for the latter
whereas the former was affected negatively. OFreeO dangling groups present in structurally-disordered carbon, known to be prone to
preferential oxidation in PEMFC environment, combine with the Buorine precursors upon Ruorination, leading to formation of more
robust C-F bonds versus oxidation than original C-O bonds. In contrast, Buorination 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 BYhttp://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse of the work in any
medium, provided the original work is properly cited. [DQ@D.1149/2.031806j¢s [®)sy |
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of the JES Focus Issue on Proton Exchange Membrane Fuel Cell (PEMFC) Durability.

The implementation of nanostructured carbon-supported platinunthe practical performances of the PEMFC cathode and therefore of
electrocatalysts in proton exchange membrane fuel cell (PEMFC}he entire systerfiDifferent material strategies have been proposed to
electrodes since the 19968%enabled utilization factor g approach-  strengthen the robustness of conductive supports for Pt-based nanopar-
ing 100%; this technological breakthrough is at the origin of the highticles in PEMFC cathodes.
electrical performances that are delivered by current systé¥gsnce One of the most efbcient ways is to use graphitized carbon sup-
then, the performances of PEMFCs have continuously improved, noports, as such structurally-ordered carbon supports are more resistant
tably in terms of (i) reduction of Pt-group metal (PGM) loading, to CO, formation upon corrosioft®*?This higher resistance to cor-
and of (ii) increase of the power density, durability and reliability rosion does however not grant durability in operation: Castanheira
on the beld, which has enabled their recent release on the market fat al!>3 and Linse et al? demonstrated that in presence of Pt
portable, automotive and stationary applications. Despite successes afinoparticles in contact with the carbon support, the tougher behavior
the PEMFC technology, durability and reliability of the core materials, of graphitic carbon is only a reality above 1.0 V vs. RHE; below this
and electrodes should be further improved. In this regard, it is well-value, carbon corrosion is assisted by the catalytic role of Pt, and hardly
established that the carbon substrate of the Pt-based nanoparticlesasy difference in the rate of corrosion is withessed between nanostruc-
corroded in the harsh operating conditions of a PEMFC catfdde. tured carbons of various levels of graphitization/organization. To be
Carbon corrosion has a thermodynamical origin (carbon oxidizes intanore specibc, below 1.0 V vs. RHE, the various carbon surface groups
CO, atE > 0.207 V vs. the reversible hydrogen electrode, RHE), that spontaneously form abo#e= 0.2 V vs. RHE have the propen-
which renders the process inevitable at the cathode. Besides, the irsity to back spill-over to the surface of platinum nanoparticles (which
timate contact of the carbon with Pt nanoparticles weakens electrois, at least to some extent, free of oxides and therefore available to
chemical resistance to corrosion, as Pt catalyzes this redéi8f!.  welcome CQy-like adsorbates)y where they can be electrooxidized
Numerous parameters are known to aggravate the process, such ado CO, according to the well-known Langmuir-Hinshelwood mech-
incursions to high electrode potential values e.g. during start/stop oanism (in essence, this pathway resembles that occurring during a
fuel starvation event&??®the nature of the gas atmosphere or the CQ,gs Stripping experiment}® Of course, this pathway is even faster
relative humidity®32and even the properties of the anode catalystin conditions of base-load potential cycling, i.e. when the electrode
layer3® Carbon corrosion alters the physico-chemical properties ofpotential is scanned back and forth above/below the onset of Pt-oxides
the cathode catalyst layer, both by (i) altering the dispersion of theformation!24* As a result, the strategy of using a more graphitized
Pt nanoparticles (which decreases the electrochemically active suicarbon surface is only efpcient to mitigate the carbon corrosion expe-
face area, ECSAY** by (ii) increasing the hydrophilicity of the rienced atidling or in start/stop and fuel starvation conditions in a real
catalyst layer and by (iii) destroying its porous texture. All three pro- PEMFC?7-*? although this is already a real achievement and enabled
cesses yield oxygen mass-transport hindrances and severely degratbeprolong the durability of stationary PEMFCs on the peld from a

few 100 hour&34to several 1,000 hout®'42?5(from the former to

the latter studies, the carbon was changed from poorly graphitized to
Electrochemical Society Member. highly graphitized, resulting in much lower degradation of the cath-
ZE-mail: Marian.Chatenet@phelma.grenoble-inp.fr ode structure, even if the authors admit that the other components of

Downloaded on 2018-05-04 to IP 77.158.181.1 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use ) unless CC License in place (see abstract).


http://jes.ecsdl.org/content/165/6.toc
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1149/2.031806jes
http://jes.ecsdl.org/content/165/6.toc
http://jes.ecsdl.org/content/165/6.toc
mailto:Marian.Chatenet@phelma.grenoble-inp.fr
http://ecsdl.org/site/terms_use

Journal of The Electrochemical Sociefy§5 (6) F3346-F3358 (2018) F3347

A 0,
% ‘ % @ Dangling at t the carbon surf:
gling atoms a e carbon surface
0, o0 ‘ @ Carbon bulk atoms
‘ .......0.._0 Figure 1. (A) Schematic representation of the
o0 00 oo 2 EPR procedure used to determine the surface
..'....... e dangling groups of carbon and of the Buori-
o0 00 E E : weeeees EN - Vacuum nation process: the surfac;e' dangling groups
f ? " ‘ ‘ ‘ EN-F-24% - Air of carbo_n are prstly combining with B_uorl_ne
0, O, ...... i e EN-F-24% - Vacuum atoms yielding C-F bonds. If the Byormatlon
< ‘ 00 00 00-rF T : is further conducted, the bulk dangling groups
5 E ........... of carbon start being RBuorinated. (B) example
s c ) ....00 of EPR spectra monitored for the EN sample
‘-\‘\'3“ (4 ? revealing the very different density of spin in
° ‘.. ° ?\“°/ ! I air versus in \I/acuum for both the EN and EN-
F-24% sample.
% .oo: :o o::oo B P
.. .. {.. .. 3450 3475 3500 3525 3550 3575
°.% Field (Gauss)

the PEMFC were also improved in the meantime, e.g. the membraneyperationt?78Keeping this idea in mind, itis not surprising that steam
the electrocatalyst nanoparticles, etc.), it is not enough to warrantyetching of high surface area carbon blacks (i.e. preferentially corro-
sufpcient PEMFC durability for several 1,000 hours in automotive sion of the structurally-disordered domains) enhances their resistance
applications or for several 10,000 hours in stationary applicafidtfs.  to corrosion in simulated PEMFC operating conditi6hQuantify-

For these reasons, substitutes to carbon have been studied. In pang dangling groups of porous carbons can be achieved by Electron
ticular, (semi-)conductive substrates from the metal oxides familiesParamagnetic Resonance (EPR). This technique is based on the para-
(MOy, with M = Ti, Sn, W, etc.) were proposed as means to limit magnetic properties of molecular oxygenJ@olecules, and on the
(if not prevent) the degradation processes of the Pt-based nanopafact that these can bind with surface dangling groups of carbon; as
ticles support’®%2 However, while interesting electrocatalytic per- such, their presence or absence will affect the EPR signal of porous
formances and durability were reached in Ohalf-cellO (usually liquitarbon£%8® Indeed, the dangling groups that exist at the surface
electrolyte) condition for Pt/MQelectrocatalysts, these have not yet of all porous carbons are magnetically coupled withr@olecules,
been translated to efbcient and durable PEMFC cathodes. As a mattétiereby decreasing their density of spin. A simple procedure that
of fact, these substrates are very difPcult to tailor in terms of spe-consists of comparing the EPR spectra of a given carbon support in
cibc surface area and porous texture, altering the dispersion of Pt atacuum (in absence of Onolecules) and in air (in presence of O
their surfacé?®5'and they proved less stable than one would have molecules, enabling their coupling with dangling groups of carbon)
hoped, as they are also subjected to durability iséUB®n electron-  enables to track the surface dangling groups of carbon materials, as
conducting supports have also been proposed, e.g. the Pt/NSTF fromnly these ones are susceptible to interact witim@lecules under air
3M,%42%6 put these materials failed to be implemented with suc- (Figurel). Hence, if one can efbciently bind these surface dangling
cess in PEMFC systems on the beld, owing to the difbculty to de-groups of carbon with F atoms, the resulting Buorinated carbon sub-
liver stable electrocatalytic performances in non-perfectly-controlledstrate could be less prone to corrosion in PEMFC-mimicking environ-
operation. ment than its non-Ruorinated analogue.

This brief literature overview demonstrates that no practical solu-  To test this hypothesis, in the present contribution, a wide set
tion is presently capable to yield stable Pt-based electrocatalysts fosf carbon supports featuring different structural and textural proper-
long-term operation in a PEMFC cathode. Besides, owing to the low-ties were used both bare and functionalized by partial Buorination.
cost, high-availability, easy-shaping properties and high conductivityPt nanoparticles of similar individual crystallite sizes were then de-
of nanostructured carbons, it seems wise to modify these supportgosited using a modibed polyol meth&dso that the comparison of
to render them more resistant toward (electro)chemical oxidationtheir electrochemical activities and durabilities is not biased by any
Surface modibcation of nanostructured carbons through grafting oPt nanoparticle size effe€t?®These in-house electrocatalysts were
thiophenol groups or diazonium salts was investigated as a potentigfully characterized by complementary physicochemical and electro-
method to improve the stability of Pt nanoparticté&® but the effect  chemical techniques, and then tested for the oxygen reduction reaction
on the inherent resistance of the carbon support to corrosion was nQORR) in rotating disk electrode conbguration, both before and after
documented in these papers. Protective coatings by conductive polyaccelerated stress test (AST) procedures. These comparisons enabled
mers has also been propo$€dyut the practical electronic conduc- to draw conclusions about the potential benebt of Ruorination on the
tivity of polymer-coated carbon supports was shown to degrade aftedurability of Pt/C electrocatalysts.
the deposition of the Pt nanoparticles, because ttiggPécursor may
attack the polymer coating, thus yielding loss of electronic percolation .
and poor electrical performanc&sAmong the strategies to protect Experimental
the carbon surface, Buorination soon arose as a relevant technique, Carbon substrates.—The carbon substrates used in the present
owing to the inherent resistance of C-F bonds to electrooxidation. study are based on two sets of materials. Firstly, a commercial high
This strategy has been, to some extent, explored for the protection ofyrface area carbon (Imerys Graphite & Carbon, ENSACO 350 G
the carbon used in Li battery electrodé$® Fluorine-doped carbons  Conductive Carbon Black, hereafter denoted by OENO) and a com-
exhibit enhanced oxygen reduction activity over their bare counter-mercial graphitized acetylene black (YS, from SN2A: Stetu Noir
parts, both in acidi¢"’> and alkaline electrolyte¥.Recently, Buori-  d®Aetylene de IOAubette, hereafter denoted by OYSO) were used for
nation of carbon supports has also been proposed to prepare Pt-basgdorination and/or Pt nanoparticles deposition without further treat-
electrocatalysts for oxygen reduction in PEMFQHowever, it has  ment. Secondly, a carbon aerogel was prepared in-house using the
been shown that Buorination must be conducted prior to Pt depositiofvell-known Pekala methotf. The synthesis protocol has been thor-
at the carbon substrate, as post-Buorination of a Pt/C electrocatalygfughly described in earlier contributions of the auth31¥.BrieRy,
leads to deactivation of the Pt nanoparticles. Fluorination of the carthe two precursors, resorcinol (R, 99%HGO,, Alfa Aesar) and
bon support enables to bind Buorine atoms to their dangling groupsformaldehyde (F, 37 wt% C} in agueous solution stabilized with
the latter likely being the ones that are oxidized Prst during PEMFC10D15 wt% methanol) were mixed with the sodium carbonate (C,
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99.9999% NaCO;, Sigma Aldrich) catalyst in deionized water with  in-house-designed glassy-carbon RDE tip for the electrochemical
molar ratios F/R= 2, R/IC= 200 and 5 wt% solid in solution. The tests. The resulting Pt loadings was P@p, cm™2. Before any
resulting solution was then heatedTat 358 K under conbned at- experiment, the glassware was soaked with concentrated CaroOs acid
mosphere for one week for gelation and mechanical handling. Aften(96% HSO, B 30% HO, mixture) at least overnight, thoroughly
exchange of the water by acetone, the gel was dried in supercriticalinsed with ultrapure water, and then further boiled in ultrapure water
CO, conditions (80 bars, 310 K). The resulting organic aerogel wasto remove any trace of sulfate anions (that could strongly adsorb at
then pyrolyzed aT = 1323 K under nitrogen Row, leading to the car- Pt sites and alter the electrochemical measurements).

bon aerogel sample (hereafter noted OCAO). The synthesis parametersConcentrated HCIQ(Suprapur, Merck) was used as received to
have been chosen in order to obtain carbon aerogel material with @repare the 0.1 M HCl@electrolyte solutions upon appropriate dilu-
porous 3-dimensional architecture compatible with limited diffusive tion in ultrapure water (18.2 M cm, 1D3 ppb total organic carbon,
overpotential in PEMFG! TOC, Millipore). The electrolyte was purged with argon %449.99%
Messer), carbon monoxide (C€09.997% Messer) or oxygen (O

. . ! >99.995% Messer) depending on the characterization carried-out.
formed by gas-solid reaction with a dePned amount of pugaB (1L 1o accelerated stress tests were either a base load cycle procedure
per 200 mg of carbon sample) into a nickel reactor covered with a NiF (succession of 15,000 cyclic voltammetries betw&en 0.6 V vs.
passivation layer. Firstly, £and moisture from air were purged thanks o andE = 1.0 V vs. RHE at a scan rate= 50 mV $1) or a

tﬁ agon_tingous Bux off&\léor t=1h. ;il'hlen, tge refactorv;as blled with  gtart stop procedure (succession of 1,000 three-second potential steps
the desired amount of Buorine and closed to favor the reaction withy rweene = 1.0 V vs. RHE ancE = 1.5 V vs. RHE), performed

carbon during a set time at a dedicated Buorination temperature, thaf 51 p HCIO, at T = 353 K under inert atmosphere. Before and

was ad?]pted to th(l? nature dOf tge gj\)rb?n silmp;]le. Flr?ally, thefrﬁactwgﬂer these ASTs, the electrocatalysts were characterized in terms of

EtIQnOSp elre Vgas? Iminated un Q][ W ((j)rt- 1h.Inthe caseo tde. electrochemical surface area (using CO-stripping voltammetry) and
sample, Buorination was performed at room temperature urln%xygen reduction activity (ORR, using linear scan voltammetry) in

Fluorination of the carbon supports.—Fhe Ruorination was per-

15 min. The Buorination rate was determined by weight uptake and, jodicated cell. In that case. the electrolyte was 0.1 M H@ICT
the atomic RBuorine/carbon ratio (F/C) and was determined to be 0.24 298 K and was changed béfore the post ageing characterizations.

for EN. The sample is noted EN-F-24%. The same Buorination con-4 Il the electrochemical d fullvd ibed ind@ef
ditions were applied to CA, giving a F/C ratio of 0.25 (sample noted verall, the electrochemical procecuires are fLlly described | ’

CA-F-25%). For YS, different Buorination temperatures were applied Physicochemical characterizations.—EPR spectra were acquired

for 1 Fora Buorinalior, temperature DE 423 K, 7= 623 Kand ' with a Bruker EMX digital X band (= 9.653 GHz) spectrometer.

ti _I Th ' a ra '3.0 T | L4 an t. d4: \\’(VSSFOOS%'/neY’Sr'e:Sﬁ;Diphenylpicrylhydrazil (DPPH) was used as the calibration reference
Ively. The corresponding Samples areé noted: ¥5-F-05%, ¥o-F-14%4, qetermine the resonance frequency. To avoid saturation of the cavity,
and YS-F-37%, respectively.

very low sample weights were used, i.e. less than 0.1 mg. The accuracy

Deposition of colloidal pt nanoparticles according to a modied  ©N Weight did not allow the absolute spin density to be estimated.
polyol process.—The deposition of the Pt nanoparticles onto the var-  Nitrogen adsorption isotherms were measuréda77 K by a Mi-
ious carbon supports was performed as follows: a given amount ofromeritics ASAP 2020 automatic apparatus. Before measurements,
Pt salt (HPtClk-xH,O, 99.9% metal basis, Alfa Aesar) was brst dis- S@mples were pre-treated under secondary vacudn¥ab23 K for
solved in a 2:1 ethylene glycol (Rotipura®99.9%, Roth):deionized 12 h for sufbcient removal of adsorbed impurities. _
water (18.2 M) solution (typically 88 mg of Pt salt in 100 mL of so- The electronlg: conductivity was mvestlgated by a direct resistance
lution). Then, the solution was rendered alkaline up topii2.5and ~ Measurement with a cell conceived in-house. 50 mg of material were
vigorously stirred under argon atmosphere dutirgl h, priortothe  introduced between two copper electrodes (surface 0.785pm
temperature increase Bt 393 K, this temperature being maintained "ounded by a TeBon ring. When a pressure of 6.37B#(0.5 ton)
duringt = 3 h. Meanwhile, the carbon support was dispersed in a 1:1Was applied, different currents were appli&d 05 mA, 105 mA and
ethylene glycol:deionized water solution, aiming a theoretical load-400 MA) with a potentiostat and the value of the tension for each
ing of Pt onto the carbon support of 40 wt%. The solution containing current was recorded. The electronlc cpnducthyas calculgted as
the Pt colloidal solution and the dispersed carbon support were theA" average of the 3 values obtained with the 3 currents using the for-
mixed and the pH of the solution was decreased down te=pBi5 mula} = e.I/U.SWhereels the thickness of the samplethe current
to allow the nanoparticles deposition onto the carbon suppor?(see applied,U the tension measured aSdhe surface of the electrode.

and®?). Aftert = 22 h, the solution was bltered, washed and dried for ~Raman spectroscopy was used to study the fresh and aged electro-
t= 45 min atT = 383 K. catalysts. The spectra were recorded ex situ using a Renishaw RM1000

spectrometer. The wavelength LASER excitation was 514 nm.

Electrochemical experiments.-Fhe electrochemical characteri- For the sake of comparison, the Raman spectra were normalized to the
zations were performed in an in-house four-electrode electrochemicahtensity of the graphitic lattice band (at about 1585 cn¥?). Curve
cell. A glassy-carbon rotating disk electrode (RDE) tip was usedbptting was performed using the LabSpec software. Mean crystallite
as working electrode. A glassy-carbon electrode was used asize of the carbon particle (lateral extension of the graphite planes)
counter-electrode (CE) to avoid any contamination of the electrolytewas determined with the Knight and White formula, both for the bare
by metal cations of the CE. The reference electrode was a commercialarbon supports and the Buorinated ones, prior to any electrochemistry
reversible hydrogen electrode (RHE, Pt/Pd-Hydrogen electrodeand for all materials after the ASTs. Overall, the whole procedure is
with internal hydrogen source, HydroFlex B Gaskatel) for operationthoroughly described in Ref2.
in the durability cell (operating aT = 353 K, see below), and The electrocatalysts Pt contentwas determined by AAS (PinAACIe
a freshly-prepared in-house RHE for the electrochemical activity900F, PerkinElmer). The electrocatalysts£ 5+ 1 mg) were brst
experiments, performed in a similar cell maintainedTat 298 K digested in a 1 mL HCI:HN@3:1 solution made from high-purity
(see below). Finally, a Pt wire connected to the reference electrodacids (37 vol.% ACS Reagent Sigma Aldrich and 65 vol.% Sigma-
through a capacitive bridge was used as plter to avoid the electricabldrich, respectively) fot = 72 h at T= 298+ 1 K. The solution
noise in the electrochemical measureméhtBhe working electrode  was then diluted sevenfold to reach the AAS range for Pt and Ni. The
was a thin-bIm rotating disk electrode prepared as follows. A 0.392wavelength considered for Pt was= 266 nm.
geuc LSt of PU/C suspension, composed of 5 wt% Nabon solution, The different electrocatalysts were analyzed using a PANalyt-
corresponding to a 0.3 Nabon/Carbon ratio, (Aldrich), ultrapureical XOPert Pro MDP vertical goniometer/diffractometer equipped
water (3.6 mL) and isopropanol (1.446 mL, Ro#99.5%), was with a diffracted-beam monochromator using Cukadiation ( =
ultrasonically treated for 15 min to obtain a well-dispersed ink. 0.1548 nm) operating ai = 45 kV andl = 40 mA. The 2 angle
One calibrated drop (1QuL) of this ink was deposited on the extended from 20 to 92step 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 uorination. “n.d.”
stands for not determined. Imerys Graphite & Carbon reports a value of 770 n? g>1. # SN2A reports a value of 116 10 n? g>1.

BET area (M Carbon particle Surface dangling Electronic _
Sample g°1) size (nm) La (nm) Fluorination (%) groups (%) conductivity (S cril)
EN 808 50+ 10 1.2 0 31 2.6
CA 656 15+ 5 0.7 0 100 2.3
YS 126% 30+ 10 35 0 27 2.9
EN-F-24% 630 4 10 1.3 24 17 0.2
CA-F-25% 519 1% 5 0.9 25 97 0.05
YS-F-05% 117 3% 10 1.8 5 43 n.d.
YS-F-14% 137 3% 10 15 14 10 0.1
YS-F-37% 215 3% 10 1.3 37 8 n.d.

(XRD) data was used to quantify the average crystallite sizes of then a second step, the graphitic domains are progressively amorphized
Pt nanoparticles (gp) using the Scherrer equation. in water/oxygen-containing media (i.e. typically the operating condi-
The Pt/C nanoparticles were observed using transmission electrotions of a PEMFC cathode) into oxygenated surface groups, which
microscopy (TEM), realized on a Jeol 2010 microscope equippedare known to trigger their corrosion. That second process can again
with a LaB; Plament (point-to-point resolution of 0.19 +). From the be compared to the effect of Ruorination of the graphitic carbon:
micrographs, the isolated nanoparticles of platinum were enumerated,a severely decreases from the bare YS to the Buorinated YS-F-x%
and representative average nanoparticle diameters were calculatétibstrates signing that, in absence of disordered carbon domains, Ru-
(dn, s, dv, see e.g?). orination proceeds by the progresswe OunzippingO of the graphitic
domains. In consequence, it is observed that the larger the extent
of Buorination, the larger the decreaselin(Tablel). In this case,
one can conclude that the Ruorination progressively destroys the
graphitic domains of the YS carbon to convert them into surface
Physicochemical properties of the bare and uorinated C-F bonds, and then bulk C-F bonds if the extent of RBuorination
carbons.—The BET surface area of the various carbon supportsfurther increases. These Pndings corroborate the changes of BET
was measured by nitrogen absorption. The high surface area caarea upon Buorination discussed above, and were observed by Guerin
bon (Imerys Graphite & Carbon ENSACO 350 G Conductive Carbonet al. in a former stud$?
Black, hereafter denoted by OENO) features the highest BET area (ca. The Ruorination rate (calculated as the ratio between the F and
800 n? gSlgy, in agreement with the providerOs information: 770 m the C atomsFluorination = F / C x 100) was measured by weight
g31en), followed by the in-house-prepared carbon aerogel (hereafteain with respect to the initial support in the Buorination oven and
noted OCAQ, ca. 656 ¥ c,) and then the commercial graphitized are listed in Table. It was deliberately chosen to have average-high
acetylene black (YS, from SN2A: Set& du Noir dOsretylene de  and OcomparableO degrees of Ruorination for the EN and CA samples
IOAubette, hereafter denoted by OYSO, ca.2g¥ m, in agreement  (ca. 25%), since these carbons display large BET surface areas. For
with the providerOs information: 11¢ rtgrS vs). Upon Buorination,  the graphitic YS carbon, of much smaller BET area, the Buorination
the trend is usually that the BET area decreases (TQpht least  was varied from a low (5%) to a high (37%) value, an intermediate
when the initial carbon BET area is OlargeO, as already observed bylue (14%) being also targeted to evaluate whether there exists an
Berthon-Fabry et a? by an enlargement of the pores size; the same optimal extent of Buorination. This latter degree of Buorination has
proceeds for the YS support when the Buorination rate is small (YS-een chosen to make possible a comparison of the behavior of the
F-05%). However, for the YS support, high Buorination rates yield three types of Buorinated carbons with one another, at a Onear-similarO
increased BET area, the increase scaling with the Buorination rateextent of surface-Buorine atoms (EN-F-24% and CA-F-25% samples
This suggests that the porosity of the YS carbon OopensO upon Ruwill be compared with YS-F-14% for that purpose).
orination, in agreement with literatuf@ Hence, Buorination can be The EPR data, some examples of which are presented in Figure
assimilated to a decomposition reaction of the YS support by the F are summarized in Table CA displays near 100% surface dangling
precursor, which could be detrimental to the materialOs stability. Thigroups, in agreement with (i) the very small size of the CA particles
hypothesis will be tested hereatfter. and (ii) their very amorphous behavior (see Raman measurements).
Raman spectroscopy was used to probe the structural properties o be more specibc, the amount of carbon dangling groups of the
the various carbon support materials, and in particular to determinésare supports more or less scales with the degree of OorganizationO
the extent of their graphitization, via the average in-plane crystalliteof the bare substrates: more graphitized carbon supports (the larger
size valueL,. The initial CA is near-completely amorphous, (= L,) yield smaller proportion of (surface) dangling groups. Upon Ruo-
0.74 nm), while YS displays a very graphitic texturg €3.54 nm). rination, the amount of OfreeO dangling groups is reduced, since they
The third sample exhibits intermediate characteristics=(1.2 nm), preferentially react with the Ruorine precursors (see Introduction).
which indicates that EN is essentially a mixture of small graphitic For a higher degree of Ruorination (e.g. YS-F-37%), it is likely that
domains separated by amorphous regions, which is typical of the turnot only the surface dangling groups of carbon are combined with
bostratic structure of high-surface area carbons (see e.g.3Bef. F atoms, but that bulk dangling groups also start being Buorinated.
The different carbon supports behave in a markedly different man-This effect is not desirable, as it destroys the graphitic structure of
ner upon Ruorination. For the initially disorganized (poorly-graphitic) YS and decreases its electronic conductivity (as indicated in Table
carbons, i.e. CA and to a lesser extent EN, Buorination leads to dn essence, heavily-Buorinated carbons exhibit very low valuég: of
non-negligible increase df,. This feature indicates that the amor- here again a parallel can be drawn with the electrochemical corrosion
phous domains (e.g. the dangling groups of carbon that are a markesf carbon supports in PEMFC cathode environment during whijch
of their surface disord&t®Y) are reacting with the Buorine precursor values are decreasing both in Ohalf-¢&ft¥*78%and real PEMFC
prior to the more graphitic domains of carbon (Figdjeln that ex-  systemg314.97
tent, the Ruorination process resembles the initial OcorrosionO steps
of the carbon supportin PEMFC cathode environment: the disordered Physicochemical  characterization of the  Pt-based
(non-graphitic) domains of carbon are populated by oxygenated surelectrocatalysts.-Fhese materials, all presented in Table
face groups in priority, and therefore corrode preferentidlijhen, were then used to synthesize carbon-supported nanoparticles. A

Results and Discussion
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Table Il. Physicochemical and textural parameters of the various
Pt/C electrocatalysts. The Pt wt% were calculated att 1% and
the average nanoparticles diameter at cat 0.2 nm (see Figure S6
for the XRD pattern of the YS-F-05%).

Pt content

Sample  (wWt% - AAS) dy (hm) ds(nm) dy (nm) dxgrp (NM)
EN 32.7 2.4 3.1 35 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% 375 2.6 3.1 3.4 2.8
CA-F-25% 329 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 24 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 (Tabldl). A similar batch of Pt colloids (prepared by
the modibed 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 g
from XRD spectra using the Scherrer equation, demonstrates that this
objective was fulblled for all the sampledkp only varies between
2.0 and 2.8 nm, except for the heavily-Buorinated graphitic carbon,
YS-F-37%, for whichdygp = 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 (Buorinated or not) and of the degree
of Buorination.

The TEM micrographs of Figur2 and Figure3 conbrm that, in- y
deed, the size of the isolated Pt nanoparticles was essentially similarf %
The number-averaged Pt nanoparticles diameter, extracted from par s ‘50 -
ticle size distribution on ca. 200 isolated Pt nanoparticles, varies in ji_
the range 2.% dy < 2.8 nm for all the samples, in perfect agree-

ment by the value ofixzp presented above (Tablg. However, the  rjgyre 2. Representative TEM micrographs of the PYC nanoparticles de-

Pt nanoparticles are organized differently onto different carbon supposited at the bare carbon supports, at low (left) and high (right) magnipcation.
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). Th#or Pt nanoparticles agglomeration is the available carbon specibc sur-
case of the CA is peculiar in the way that, due to the large BET aredace area and not the local surface chemistry of the substrate. Only for
of this substrate, one would have expected a better dispersion of thihe EN and EN-F-24% samples can this statement be (a little) put into
Pt nanoparticles and a lower extent of agglomeration, which was notjuestion; the extent of Pt nanoparticles agglomeration seems slightly
witnessed in Figur@. This is because CA is a monolithic carbon, larger for the Buorinated material than for its bare counterpart. This
hence the QintrusionO of the Pt colloids in the pores is not granted. Agsult may be due to electrostatic repulsions between the Buorinated
a result, most of the Pt nanoparticles are agglomerated on the outegroups of the carbon support and the negatively charge@®tohs
surface of the carbon micro-monoliths, causing this heterogeneoussed for the Pt nanoparticles synthesis. Favoring attractive interac-
distribution of the Pt nanoparticles. In consequence, it is likely thattions between the oxide groups of the carbon support and the Pt salt
the core of the micro-monoliths is essentially free of Pt nanoparticlesprecursor is the basis of the OStrong Electrostatic AdsorptionO (SEA)
(or at least less populated than the outer surface). technique Prstintroduced by Regalbuto and co-work&#°The au-
Figure 3 indicates that the presence of C-F groups at the Ruori-thors have shown that the oxide groups present at the carbon surface
nated carbon surface was of little inBuence on the Pt nanoparticleprotonate and positively charge, favoring anion adsorption at pH be-
dispersion. This differs from the results of Berthon-Fabry ef’al., low the point of zero charge (PZC); conversely anion adsorption is
for which the distribution and coverage of the Pt nanoparticles wasdisadvantaged at pH located above the PZC, hence favoring agglomer-
non-negligibly differing in presence/absence of Buorination, and thisation of the depositing metal nanoparticles. In summary, the different
probably results from the method used at the time (the depositiorPt/C samples differ by their extent of Pt nanoparticles agglomera-
of Pt was then performed by a water-in-oil microemulsion method). tion, but neither by their Pt wt% and Pt nanoparticles (and crystallite)
Apart from the two heavily-Buorinated YS carbon (YS-F-14% and size.
YS-F-37%), for which it is likely that bulk Buorination had occurred,
the Pt wt% reached was also not altered by the extent of Buorination Electrochemical characterizations in the pristine state (before
(Tablell). In addition, the distribution of the Pt nanoparticles at the AST).—These materials were then tested electrochemically, Prstly
RBuorinated carbon supports appears homogeneous (even if some rigr terms of initial CQgs stripping behavior and of ORR activity
gions of carbon with little Pt nanoparticles coverage could be, veryin 0.1 M HCIO, electrolyte. A set of representative background-
occasionally, found, in particular for the heavily-Buorinated sample subtracted CQsstripping voltammograms is presented for the eight
YS-F-37%, and on the opposite very high coverage was found in sevPt/C samples in Figurd. The CQgs Stripping voltammograms fea-
eral regions for YS-F-5%), as is the average extent of agglomeratioriures are conbrming the results of the physicochemical data: the ex-
for a given carbon (Buorinated or not). This means that the main drivetent of Pt nanoparticles agglomeration is non-negligible in all cases,
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Figure 4. Representative C§sstripping voltammograms of the various Pt/C
samples measured in 0.1 M HGJ@t T = 298 K before (Fresh) and after
15,000 cycles of AST in the range 6s6E < 1.0 V vs. RHE in 0.1 M HCIQ

at T= 353 K. Comparison of the (A) non-uorinated EN, CA and YS, (B)

Figure 3. Representative TEM micrographs of the Pt/C nanoparticles de-g‘;%rr?r?aet'igxorinated EN, CA and YS and (C) YS with increasing extent of

posited at the Buorinated carbon supports, at low (left) and high (right) mag-
nibcation.

except for the non-Buorinated EN sample, as reveled by the presenaeonodisperse (conbrming the Pt diameter values of THpland

of low-potential pre-peak of CQs stripping in that latter cas@!%2 comparable for all the samples. The only material that, in occasion,
For the low BET area YS sample and the Opoorly-intrudedO CAdiverges from this trend (and this strongly depends on the electrode
non-negligible agglomeration of the Pt nanoparticles is conbrmedcharacterized, see Figusis the YS-F-05% for which the main GQ

the extent of which grows upon Ruorination. On the contrary, only stripping peak is essentially absent, revealing the extremely agglomer-
small differences in terms of (rather symmetric) shape and potentiabted nature of this sample. This agrees with its high Pt wt% and rather
of the main peak of Cg)s stripping voltammograms can be observed heterogeneous nature (regions of the carbon with very high extent of
for the Pt/C electrocatalysts in their pristine state (OFreshO traces Rt nanoparticles agglomeration and coverage do coexist with other
Figure4), showing that the Pt nanoparticles are in all case essentiallyOnormallyO-populated areas). The electrochemical surface areas of

Downloaded on 2018-05-04 to IP 77.158.181.1 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use ) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

F3352

Journal of The Electrochemical Sociefy§5 (6) F3346-F3358 (2018)

Figure 5. Representative electrochemical properties of the
various Pt/C samples measured in 0.1 M Hg#DT= 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. E< 1.5V vs. RHEiIn 0.1 MHCIQat T

= 80 C. (A) Specibc activity of ORR (Sd\gs) and (B) mass
activity of ORR (MAg gs5), 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 (&,co) extracted from the CO-stripping
peak coulometry, assumingsgto= 420uC cmS?py,

platinum (ECSA, hereafter quantiped 8y co) can be extracted from  with the BET surface area of the support (and denotes for the larger

the CQus stripping coulometry, assumir@p;co = 420 uC cm>?p.
These values are reported in Figg@and Tabldll. They essentially

extent agglomeration for the low-surface area YS carbon and for the
poor penetration of the porosity for the CA). This trend is somewhat

conbrm the trends brought by the physicochemical characterizationkveled for the Buorinated carbons with an average Ruorination ex-
discussed above: for the non-Ruorinated carbons, the ECSA scaldent (Figure5C), as a result from a compromise between the partial

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

Sample Serco(M? gpe?) SAg.95 (LA cmp>?) MAg.g5 (A gpt) Rq (Fresh  Start-Stop) ( cmed?)
EN 82.7+ 10.2 205+ 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+ 8.2 422+ 2.1 20.4+ 2.5 172+ 09
YS-F-05% 33.5+ 3.9 35.8+ 3.0 129+ 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 44.6x 4.5 275+ 1.1 20+ 01

Downloaded on 2018-05-04 to IP 77.158.181.1 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use ) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

Journal of The Electrochemical Sociefy§5 (6) F3346-F3358 (2018) F3353

occupation of carbon dangling groups by F atoms (reducing the pos- Tapje |v. Changes in the average in-plane crystallite size of the
sibility of Pt nanoparticles stabilization in these regions and therefore  carbon (L) for the various carbon support discussed in this work,
decreasing the ECSA for Ruorinated amorphous carbons: EN and CA)  after the load-cycle (15,000 cycles between 0.6 and 1.0 V vs. RHE
and the Buorination-induced partial amorphization of the graphitic YS  at50 mV/s) and the start-stop (1,000 square cycles between 1.0 and
carbon support, which enhances the interaction between the substrate 1.5V vs. RHE) protocols.

and the Pt nanoparticles. This effect is spectacular and well witnessed

in Figure5C: the higher the Ruorination rate, the larger the apparent La (nm)
ECSA and lower the extent of Pt nanoparticles agglomeration (Figure
40). Fresh load-cycle start-stop
The oxygen reduction activity of the pristine Pt/C electrocatalysts EN 1.2 15 1.7
(referred to as OFreshO in what follows) was then evaluated. A rep- CA 0.7 3.3 1.8
resentative ORR voltammogram is given in Figure S1 for YS and YSs 35 3.6 2.0
YS-F-37%. From the ORR characterizations, two important param-  EN-F-24% 1.3 1.7 1.7
eters were extracted: the specibc activity and the mass activity for CA-F-25% 0.9 1.4 1.9
the ORR, both measured after correction of the mass-transport and YS-F-05% 1.8 2.6 2.1
ohmic-drop limitations aE = 0.95 V vs. RHE. The corresponding YS-F-14% 15 19 1.6
values of specibc activity (SAs) and (MA ¢5) are displayed in Figure YS-F-37% 13 2.0 2.0

5A, Figure5B and Tablelll, respectively, while the specibc activity
(SAo.90) and mass activity (MAg) are provided in Table S1. . o )

For the initial bare carbons, $4s scales inversely with the ECSA ~ conditions, the non-negligibl&: co loss is counterbalanced by the
(Se.co) and therefore to the BET surface area of the carbon supportg@in in specibc activity associated with the growth of the nanopar-
(SAo.es decreases in the order ¥SCA > EN). It also scales directly ticles, resulting in mod_erate decrease in mass activity. Because the
with the extent of Pt nanoparticles agglomeration this may be ac-arbon supports are (slightly) corroding in a process that is catalyzed
counted for by the higher ORR activity of interconnected Pt nanopar-PY Pt nanoparticles, there are almost no differences in the fate of the
ticles in agglomerates, as recently unveiled by Dubau ¥84%* (as Pt/(_: electrocatalys_ts, \_Nhatever their initial degree of graphitization or
here, there is literally no difference of ORR activity to be expected their (rate of) Buorination.
by the so-called Pt nanoparticle size effect mentioned atcifdye-
cause the differences of individual crystallite sizes are very small, see Durability and electrochemical activity in start-stop cycles (1,000
Tablell). On the contrary, the Mfws values place the materials in the steps for 1.0< E < 1.5 V vs. RHE).—The picture clearly changes
opposite order (MAgs decreases in the order ENCA > YS), due to when the AST is more severe toward the carbon supports, i.e. for the
differentSy oo values (Tabléll). Concerning the average-Buorinated Start-stop AST protocol, (1,000 three-second potential steps fer 1.0
samples, all are more active than their bare carbon equivalents (both < 1.5V vs. RHE).
in SAggs and MAy gs), in line with the fact that Ruorinated carbon

surfaces present a non-negligible ORR activity both in aédiand Bare carbon substrates.—When one looks at the voltammograms
alkaline electrolyte$® Besides, the larger the Ruorination rate, the in supporting electrolyte, a change of the double layer capacitance
larger the ORR activity, especially in terms of M. can be noticed for 0.3 E < 0.5 V vs. RHE (FiguresA): (i) the

EN quinone-hydroquinone features undergo a dramatic decrease in

Durability and electrochemical activity in base-load cycles electrical charge, the latter being associated to a severe drop of the
(15,000 steps for 0.6 E < 1.0 V vs. RHE).—The Pt/C samples response of the Pt-hydrogen and Pt-oxide features, sign of an intense
were all submitted to potential cycling in the range 8.E< 1.0V degradation of this electrocatalyst. (ii) The CA and the YS suffer
vs. RHE, to test their robustness in Obase-loadO conditions. All tHeom similar losses in ORR mass activity and specibc surface area.
electrocatalysts show a depreciated ECSA after the AST, except YSThis is surprising considering the amorphous nature of the CA but,
for which the slight increase of ORR activity versus the Fresh state isvhile looking at the FiguréA, one can see that the charge under
within the error bar (Figur&C). These results conbrm that the extent the quinone-hydroquinone peak increases, this being signibcant for
of graphitization has a very negligible inBuence on the degradation ofan incomplete corrosion of the carbon support (C COsyy), by
the electrocatalysts in the 06 E < 1.0 V vs. RHE potential range, opposition to the complete oxidation observed on EN. These dif-
as previously reported in Ref$2, 39. However, it is worth noting  ferences can be ascribed to the fact that for CA, most of the Pt
that the load-cycle protocol resulted in a minor corrosion of the non-nanoparticles are located on the outer-surface of the carbon micro-
graphitized part of the carbon support, as evidenced by the increase afionoliths, which leaves substantial carbon surface OfreeO of Pt, and
L, (determined from the Raman spectrum presented in Figure S4A, setherefore prone to surface functionalization (and not complete corro-
TablelV) for all carbon support except YS (i.e. the already graphitized sion), which is a different situation than for the EN sample (where
carbon), which can be accounted for by a diminution of the density ofmost of the carbon surface is covered with Pt nanoparticles and there-
non-graphitized domains in the carbon support. fore corroded entirely in the load-cycle protocol). The YS carbon

In terms of ORR activity, except for EN, for which a slight im- resistance to this AST is much higher than observed for EN, in line
provement of SAgs is noted (because of the higher agglomeration with the better ability of graphitic carbon supports to withstand cor-
of Pt nanoparticles), all the $8s and MA, o5 values do depreciate  rosion at high electrode potentigl®® However, the diminution ir_,
upon the base-load protocol. This depreciated ORR mass activity essbserved for the YS carbon during the start-stop protoco(ftesh)
sentially originates from the decreaseS# o in these conditions, = 3.5 nm vsL, (aged)= 2.0 nm, see Tabl&/) is accounted for by
mostly associated to Ostwald ripening and the Pt-catalyzed carbothe creation of structural defects into its graphitic domains, i.e. their
support corrosiof?® Indeed, the Pt nanoparticles are rounder and corrosion.
larger after the base-load protocol (see the representative TEM mi- Figure7 enables going further in the analysis of the ORR activity
crographs of Figure S2 and Figure S3) than they were before (sebefore/after AST P2. Figur@E presents the variation oR , i.e.
Figure2 and Figure3). However, their extent of agglomeration does the changes in resistance induced by the degradation in the carbon
not increase sharply upon the AST, which agrees with former r€port support during the ageing, determined from Figdrefor the bare
that the base-load protocol is not the most aggressive to the carbocarbons. Indeed, in the discussed potential range, the potential dif-
support material. To summarize, the base-load protocol mildly de-ference ( E) between the LSVs presented in FigufA before and
graded the Pt/C nanopatrticles. They essentially undergo signibcarafter the start-stop protocol evolves linearly wjth Such linearity
growth of Pt mean diameter according to Ostwald ripeffifty and suggests an increase in the resistance of the systgp) (Re latter
very minor agglomeration due to moderate carbon corrosion. In theseorresponding to the sum of (i) the resistance of the electraRgg (
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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 cycl
of start-stop protocol AST (1,000 three-second steps fok1B< 1.5V vs. RHE in 0.1 M HCIQ at T = 353 K); (B, D and F) Representative CO-stripping
voltammograms of the various Pt/C samples measured in 0.1 M [H&lD= 298 K before (Fresh) and after 1,000 cycles of start-stop AST. (A, B) bare carbons,

(C, D) average-f3uorinated carbons and (E, F) YS carbon with three different levels of Buorination.

of (ii) the glassy carbon (&) and of (iii) the catalytic layerR D see  tween the carbon grains, both phenomena resulting in an increase of
Figure7D).10%P110R, of ca. 20 were determined by electrochemical the carbon support resistand@ All bare carbons (EN, CA and YS)
impedance spectroscopy (EIS) before and after the start-stop ageirfgatured a positive variation oR , while being much lower for the
andRgc was assumed to be negligible, owing to the high electronic YS than the EN and CA. This is not surprising considering that YS is
conductivity of the glassy carbon. Therefore, the resistance variations graphitized carbon and, as such, is much more resistant to corrosion

(R ) measured for the various electrocatalysts in Figlveere es-  in the 1.0D1.5 V vsRHE potential rangé? It is however surprising
sentially associated with the resistance of the catalytic layer, whichthat, without noticeable degradation of the YS carbon supp@ri (
is composed of the internal resistance of the carbon gr&psthe = 17+ 2 cmp?), the latter loses ca. 65% of its Pt specibc sur-

resistance induced by the oxide groups onto the carbon surface (eface during the P2 ageing (see Figbf left). This can be explained

the quinone/hydroquinone speciBgp) and the resistance of the car- by a weak binding of the Pt nanoparticles onto the surface and, as
bon grain boundariesR). Thus, the increase d¥ (i.e. R ¢ >0) such, their detachment during the start-stop AST and/or a localized
during the start stop AST corresponds to the degradation of the careorrosion of the carbon support around the Pt nanoparticles, resulting
bon support, likely by (i) the formation of the quinone/hydroquinone in dramatic ECSA losses while the overall carbon structure remains
oxide layer onto the carbon surfde€® and/or (ii) the amorphization  essentially intact. An elegant strategy based on space-conbnement of
of the carbon support, especially in the interconnection regions bethe 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 HCIQat T = 298 K
before (Fresh) and after 1,000 cycles of
start-stop AST, normalized by the specibc
surface area of the electrocatalysts measured
by CQygs stripping and corrected from the
diffusion in solution and the ohmic losses.
(D) Schematic representation of the nature of
Rk, Rec being the resistance of the glassy
carbon, R the resistance of the electrolyte,
Rgr the resistance inside the carbon graig R
the resistance at the carbon grain boundaries
and Ryq 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 7AD7C for the various Pt/C samples.
The y-axis corresponds to the difference
in potential at a given current density for
the LSVs in Q-saturated electrolyte before
and after the start-stop AST (see A). The
ORR measurement were performed in 0.1 M
HCIO4 at T = 298 K for the (A) bare
carbons, (B) the average-Ruorinated carbons
and (C) the YS sample at different rates of
Ruorination.

recently proposed by Galeano, Pizzutilo et'al*?to prevent their  pletely amorphous carbon support. It is wise stating here that, as CA
agglomeration/detachment under these operating conditions, and sudtas the smallest carbon particles size and smallest degree of graphi-
strategy could prove adequate in the case of graphitized supports likéization (Tablel), it is likely that its extent of Buorination (25%)
was not enough to completely protect the micro-monoliths of CA
and/or to populate all the carbon surface dangling groups (in agree-
Fluorinated carbon substrates.*When the CA, EN and YS car- ment with the data of TablB. In turn, this endangered even more its
bons are Ruorinated, the picture changes. The Pt features almost cofon-protected (non-Ruorinated) regions (that are already very sensi-
pletely vanished after the start-stop AST for CA-F-25% (Fig@€s tive to high-potential corrosion), that could have acted as OsactriPcial
and 6D), showing that Ruorination is not a solution to protect this anodesO in the carbon corrosion process. As a result, the ORR activity
carbon. This means that, even if C-F groups are stronger than C-@or the CA-F-25% completely vanishes upon AST P2 (Figiend
groups in principle, they cannot insure the total protection of a com-Figure7F). Furthermore, the variations Bf during the P2 AST are
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almost identical for the carbon aerogel before and after Ruorinatioreven seems destabilized by the Buorination, owing to the fact that this
(ile. R =190+ 10 cmp2 and R = 172+ 9 cmp?, process initiates its amorphization, a detrimental feature regarding
respectively), meaning that the carbon support suffers from similarcorrosion-resistance in the high potential domain.
degradation whether it is Ruorinated or not.

In opposition, the EN carbon support seems rather well protected
by an average Ruorination rate (EN-F-24%). Even if a slight increase Conclusions
of carbon oxide groups is noticed in the double-layer region of the
voltammograms of FiguréC, the ECSA is clearly maintained to
a non-negligible extent (FiguréD), which demonstrates the much
better stability of EN-F-24% versus EN. This improvement of the EN
stability by Ruorination during start-stop AST is especially striking

! Buc tart-s r tri
while considering the changes iR , i.e. R = 207+ 14 cmy PEMFC cathode during load cycling (06 E < 1.0 V vs. RHE)

before Ruorination anR = 31+ 1 cmp? after Buorination. This ;

) N ; . C.540 or start-up/shutdown (1.8 E < 1.5V vs. RHE). The load cycling
signs that the C-F bonds in Buorinated EN-F-24% are stronger thail .| caysed dissolution/redeposition of the Pt nanocrystallites via
the C-O bonds that were present in the amorphous regions of its nortx

. > .. Ostwald ripening but led to mild and similar electrochemically active
Ruorinated analogue. Combined to the presence of non'negl'g'bl%urface area (ECSA) losses and ORR activity for the Pt/raw or Ru-

ﬁ?gﬁr?;gé ?;2&2'2? IrEeNcljlgnz's 4'; i’\lre(l;l;]aglégg53?;:?;;222&”%?22t ir]orinated carbon supports. In contrast, the bare carbon supports were
start-stop AST. As a result thg ORR activity of EN-F-24°/p mair?tai?]s strongly corroded after the start-up/shutdown protocol, resulting in

PAST. AS Pt ty y pronounced detachment of the Pt nanocrystallites but no growth in
at a very interesting level (FiguréH and Figure7B). To be more

specibc, the EN-F-24% sample maintains its ORR activity upon AS.I_thelr size (because they are passivated by a layer of Pt-oxides and be-

- . : . cause redeposition is not favored in this potential domain). However,
as well as the graphitized carbon YS did (see FigUB, but with - yigeont fates were observed for Ruorinated structurally-ordered and
the clear advantage to maintain a good dispersion of Pt nanoparticl

i ; ructurally-disordered carbon supports in these conditions: Buorina-
?A’gg?otf\}ge much higher BET surface area of the EN-based carboqion revealed benepcial for the structurally-disordered carbon supports

The YS.graphitized carbon support shows an intermediate be_(carbon black, EN) but not for the structurally ordered one (graphitic
havior between EN and CA: its durability is not improved by 14% carbon, YS). This was rationalized by considering that OfreeO dan-

L - . gling groups of carbon supports, which are preferentially oxidized
gﬁg”er\‘/aetéor?{o?gdine\t/;r“: zlfl%lg)}g{d:(g{\i?ye?gigfgggisgL?:ergtal‘:%eiﬁ% in PEMFC cathode environment, react with the Ruorine precursors

7 and Tablall). As explained in the previous section relative to the and thus become less prone to oxidation. In contrast, Ruorination
Ruorination bihding B?Jorine atomstF()) a graphitic carbon implies that of structurally-ordered (graphitic) carbon supports creates structural
brstly, some disorder must be brought to the structure: C-C bonds mu%dﬁsorder (C-C bond are broken during the process) and depreciates

be broken. since there is a very limited number of surface danglin eir resistance to electrochemical corrosion. These bndings open for
. Y L 9NGhe prst time the possibility to achieve simultaneously a balance be-
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 (Taple tween high carbon specibc surface area (hence high Pt dispersion) and

The present results show that, although this does not modify the fattlalm'md carbon corrosion under automotive PEMFC conditions.

of the YS-supported electrocatalysts in the load-cycle AST (where
the carbon support chemistry/texture has a little inBuence 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 The authors thank the French National Research Agency program
support resistance does not dramatically increase during the start-std@NR-14-CE05-0047 project CORECAT) for the funding, Capener-
AST (i.e. a similar increase than without BuorinatidR:x = 36+ 2 gies and Tenerrdis for their support and Imerys Graphite & Carbon

cmpP?vs.upto. R = 17+ 2 cmp? for YS, see Figurd), and SN2A for their kind supply of ENSACO 350 G and YS respec-
meaning that all the ECSA losses occurs through localized corrosiottively. This work was performed within the framework of the Centre
at the nanoparticles/support interface. This is a clear sign that C-@f Excellence of Multifunctional Architectured Materials OCEMAMO
bonds in graphitic regions are more stable than C-F regions in Bun AN-10-LABX-44-01. MC thanks the French IUF for its support.
orinated carbons. Changing the rate of Ruorination for YS has little
effect regarding the durability of YS-based Pt/C samples, both on the
retention ofSsco (Figure5 and Tablelll) and on the rate of ORR ORCID
activity loss (Figure’ and Tabldll). As aresult, the larger initial ORR . . .
mass );ctivitgl o%‘ Buorinated-YS) samples versus Yg do not maintairf "€deric Maillard - https://orcid.org/0000-0002-6470-8900
after the start-stop protocol (for the speciPc activities, having a highMarian Chatenet https://orcid.org/0000-0002-9673-4775
degree of RBuorination seems more benebpcial than a low degree of
Buorination, but this does not render the materials more durable than
their non-Buorinated YS analogue).

To summarize, the start-stop protocol of AST severely degraded 1. m.s. wilson and S. Gottesfeld, Appl. Electrochem22, 1 (1992).
the Pt/C nanoparticles. While they do not undergo signibcant growth 2. M. S. Wilson and S. Gottesfeld, Electrochem. Soc1339, L28 (1992).
of mean diameter according to Ostwald ripening (because they are 3. S. Mukerjee, S. Srinivasan, and A.J.Appliﬁyectrochim. Acta38, 1661 (1993).
passivated by a layer of Pt-oxides and because redepositiori*of Pt g: o gg;gﬂ;;ér'f;";’n%”g_%riri'\?;gﬁ'ffetrms%l;f;;;%gf‘géés(%éﬁg7)'
ions is not favored in this potential domain), they undergo major 6. p. Costamagna and S. SrinivasarPower Sources02, 242 (2001).
agglomeration and detachment following severe carbon corrosion in 7. H. A.Gasteiger, W. Vielstich, and H. Yokokav#andbook of Fuel CellslohnWiley
this potential regiot?3%113114n these conditions, the non-negligible & Sons (2003). istich ok  of Fuel CellsJon
ECSA losses cannot be counterbalanced by any growth of the nanopgr-s' \',4\,'”2)', gasséﬁfftra'\Aéh\i/c'ﬁjé't‘;r’(zaggggf' Yokokawelandbook of Fuel Cellsiohn
ticles (which was the case for AST P1), resulting in severe decrease in 9. L. M. Roen, C. H. Paik, and T. D. Janglectrochem. Solid-State Let, A19
ORR mass activity. Besides, all the bare carbon supports are corrod-  (2004).
ing in a very important extent. Unlike the load cycle protocol, there 10. E. Guilminot, A. Corcella, F. Charlot, F. Maillard, and M. ChatedeElectrochem.
is a large difference in rob_ustnes_s for the t_)gre and Buorinate_d_ EN,q ?\‘?Cf;kse‘h’ci?gﬁ%??‘,:u“eﬂ’ Electrochem. Socl55, B770 (2008).
carbons, the latter presenting a higher stability than the graphitized12. L. castanheira, L. Dubau, M. Mermoux, G. Bertrgril. Cage, E. Rossinot,
YS. CA is however no more stable after Buorination, as YS, which M. Chatenet, and F. Maillar®\CS Catal.4, 2258 (2014).

Various carbon supports featuring different texture and structure
were RBuorinated and used as supports to deposit Pt nanopatrticles via
a modibed 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
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