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Abstract

The intrinsic activity of oxygen reduction reaction (ORR) electrocatédygtroton exchange
membrane fuel cellREMFCTIis usuallyevaluatedwith the rotating disk electrodéRDE)an
easyto-use technique requinng little amount of electr@atalyst. However, the liquid
environment of the RDE implies strong limitation eh@sstransport and the intrinsic activity
isonlyaccessible on a narrow potential range (from 0.95 to 0.85 RME&) that is not relevant
for the PEMFC operatingpnditions. This work compaseesults obtained with the RDE (0.2
cm?),the gas diffusion electrode (GDE, 0.07 cm2) and a small unit PEMFC (DC, 118rem?). T
widely us@&l ORR electrocatalystse compared Pt/Vulcan carbon, PtCo/Vulcan carbon and
Pt/graphitized carbon catalytic layers beingrepared with a loading of 20 pgcn? and
characterized at 280°C and full hydratianThe results show thatll setups have their own
advantages and drawbacks. Regardless the electrocatadyste, the GDE allows to assess
the intrinsic activities on a large potential range (from 0.9 to 0.6iNW)agreement with the
results obtained in RDE for high potential and with iéfor lower potential. TheGDE is
therefore promising enablingeasyhigh current density measurements with littlemount of
electrocatalyst.
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1. Introduction

It has become common knowledge that global warming is connected to a disastrous use
of fossil energies since two centuries. Although downsizing our energy consumption would be
the most efficient remedy, developing renewabémerges is the main present taet
worldwide, which implies that the scientific community fsdvays to efficiently store
electricity, renewablesourcesbeing inherently intermittent. Among others, pow&r-gas and
in particular poweito-hydrogenis foreseen as a good manner to stor@egable electricity,
hydrogenbeing a versatile vector that can be used as raw chemical (reducer) in the industry,
burned to generate heat or electrochemically converted back into water whilst producing
electricalpower in fuel cells[1]. In that latter case, protorexchange membrane fuel cells
(PEMFCsreby far the most advanced systems, and are therefore consida@sadromising
conversion system to decarbize the current energy production mjxor (heavy and light)
mobility or staticnary applicationsMany countries worldwide invest on research programs to
develop renewable hydrogen production via water electrolysis and fue| beligving in their
positive role for the ecological transitiofR]. However,this kind of conversion deviseely
mainly on the use of platinum group metals (PGMYyeach appropriate performancand
durability, which questions the sustainability of the approg8h Indeed, the catalystef
present conmercial systems arsynthesizedfrom PGM,the present endeavor being to
improve the intrinsic activity and the operational stability of the designed catalifisbne
restricts to oxygen reduction reaction (ORR) catalysts that are used at PEMFC catliriges (O
catalysts are one very critical component of these systems [4,5]), there are two mains routes
that are employed nowadays to prepare “better” catalysts: structurally ordered or structurally
disordered carbonsupported catalysts [6]. Both types of materials exhibit impressive
“enhancement factors” over classical Pt/C catalysts,are far more intrinsically active than
the latter for the ORR,; this of course shall endblenprove the overall energy conversioh
PEMFC, butto date, these materials have ver been appropriately employed in PEMFC
cathodes and their use in real devices always ended up in disappointing perforniahddss
guestions whehier the methodology to characterize these “advanced catalysts” actvitye
lab scalas relevant for applicationsr not.

The mostwidely used tool to characterize one catalg€DRR activity is the rotating disk
electrode (RDE) setup. Presem{almost)everyelectrochemical laboratory, the RDE finds its
popularity in the fact that it is simple and easy to UB®E is actually employtxicharacterize
PEMF®ORR (and HOR) catalysts since more than three decades. In particular, using a RDE is
compatible with the characterization of small amounts Bt-pbased catalysts (< 50 mgThis
is an advantage, becauB&EMFC catalyst developers sometimes have difficutiisgnthesize
batches of their materials that are larger than a few mg, dmdct PEME characterizations
would hardly be feasiblewith such low amountgor at least could not be reproduced and
optimizedin a reliable manner). Of course, the methodology to evaluate ORR catalysts in RDE
has been deeply optimizealver the yearswhich now leads to very robust and reproducible
methodologies to properly benchmark-BasedORR catalys{8—10], both in terms of initial
performance and durabilityAfter such initial benchmarking, the more promistagalystscan
be upscaled,integrated in membrane electrode assembly (a procedure that is materials
consuming11-13]) and studied under real operatingeRIFCconditions However, the RDE
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suffers from an inherent drawback when it comes to characterize reactions involving gaseous
reactants (like those of PEMFC and the ORR in particular): theegas®) is transported to

the catalyst interface whilddissdvedin the electrolyte, the solubility being smati(1 mmol

1) and the diffusion coefficient alsad. 10° cn? s?) [14]. Thismeans that @transport is
roughly four decadeslower than in the gas phase; this is why one observes diffusion-
convection (masstransport}imited plateaus in RDE (with maximum current densities
absolute values mthe order of 5.5mA cm? at 1600revolution per minute (rpm) of the RDE

i.e. at least between two and three orders of magnitude smaller tloéassical current
densitiesfor PEMFQ@athodes). Of course, one always tries to correct risassport (and
Ohmic drop) limitations from RDE data, but the result of this correction becomes imprecise as
soon as ORR potential values below 0.85.\RIE are targeteffor stateof-the-art Ptbased
catalysts) In other words, the RDE can only lead thractassessment of the catalytic activity
above 0.85 V v&RRHE which is not the region of interest fl EMFC cathodeand at rather
smaller current densitiethan in real PEMFC systertise experimental conditions of the RDE
forbid to access thecatalyticperformance in the same potential range as the one real
PEMFCand extrapolation must be made if ones wants to “predict” the behavior of a given
catalyst in a PEMFC cathgdehich is of course a large source of uncertaintyrhis also
excludes all the work one must perform on the optimization of the ink formulation for the
active layer preparationfhe issue is even more important when the studied ORR catalysts are
more activethan the present statef-the-art (socalled advanced catalysts presenting large
enhancement factors)which is the present targedf all catalyst developers in the PEMFC
community.

The scientific community has gradually become aware of the intrinsic limitations of the
RDE setup, and strived to overcome itthHe early 20@s, the group of Grenoble introduced
the gas diffusion electrodéGDE)o benchmark PEMFC cathode cataljid,16], the idea
relying on earlier works in the field of phosphoric acid fuel cell catdl$%id8]. Then, the
group ofKucernalkat Imperial college, Londomade several (mostly successful) attempts to
unveil the kinetics of fast reactions in threéectrode cells using liquid electrolytes, with
notably the secalled floating electrode setud9-22]. However, the floating electrode has
not beenexported to other labs, yet, owing to difficulties in avoiding electrode flooding,
related to the absence of convective flux at the vicinity of the active layer. The same drawback
was experienced in the formeersion of the GDE used by Antoine e{Hh,16]. To cope with
this limitation, Arenz et aland Wilkinson et aldid recentlyrevisit the GDE, and specifically
modified the seminasetup so to incorporate gas channels that feed thedstd active layer
with a tightly-controlled convective fluxgverall enabling t@revent the floodingof the active
layer [23-25]. To make a long story short, these setups are compatible with operation at
rather high current density for the ORRaking possibléo approachthe intrinsic catalytic
activity (corrected from ohmic drop and massnsport limitations) ofa given catalysin
three-electrode cells in the potential region where it would be operated in a PEMFC cathode
From then on, studies flourished, where the GDE was used to test many catalysts, with the
aim to demonstrate the relevance of the methodojop reach high electrode performance
and assessatalytic durabilityj26-29]. Recently, one multipkdab paper aimed to compare
their respective GDE systems (and with RDE bdaé&a) [30], while the group of Gasteiger



emphasized the advantages and limitations of RDE characterizations versus PEMFC
characterization$31]. While the former paper concluded thtite way these GDE setups are
used, they cannot deliver universal information (each GDEckdlflesigncome with its own
advantages andrhitations), the latter concludes that RDE also suffers limitations that prevent
forecasting reliably one catalyst behavior in PENIF&lso states that PEMFC measurements
are not easy to benchmark catalysts§o, one must admit that, to datehere are still
uncertainties in the propensity of ndREMFC techniques to predict wipegrformancea given
catalyst will be apable to deliver in a real PEMRGth special emphasis with ORR catalysts
to be used in PEMFC cathodésis daso commonly admitted that PEMFC testing may not be
generalized for catalyst benchmarkimgview of the technological difficulties and tedsness
associated to such characterizations (not to speak from the fact that if onesteaassess the
intrinsic catalytic activity, one needs to make sure other limitations are appropriately
corrected, a hard task for real PEMFC membrane electrode assemblies)

To cope with these difficulties, the present study aims to compare in a systematic manner
three methodologies to assess the intrinsic catalytic activity of cagupported Ptbased
ORR catalyst for PEMFC cathogfegure ). The first is the RDE; the second is the GDE (using
a setup resembling that of Arenz in Univ. Bern); the third is a small unit PEMFC fL.8 cm
operated in conditions where massansport shall be lesbmiting (possible removal of liquid
water through the membrane and no liquid electrolysnd homogeneous in the surface of
the active layer (high reactant stoichiometrig)e sacalled differential cell (DC). In all cases,
because th@bjectiveis to determine the intrinsic activity of the catalysts, the aeridb@tling
will be kept small (20 ug c#), a value which is neamiversally used for RDE characterizatjons
and which shall enable minimizing (if not ruling out) any ntesssport limitations in the
thickness of the active layésmall loadings are also targeted by PEMFC develo@rshhese
three experimental setups ammployedfor the determination of the performances of a given
catalystin socalledmodel conditions (RDE), semodel conditions (GDE) and close to real
conditions (DQG)in all cases with the objecéuo limit as much as possible the mdissnsport
limitations (and to correct themYhisworkfocuses on three representative (and widelsed)
ORR catalysts, provided by Tanaka Kikinzoku Kogyo: (VHlkan XC78upported Pt
nanoparticles Vulcan XC78upported PgCo alloyed nanoparticlesnd graphitized carbon
supportedPtnanoparticles In this choice, the catalyst composition was varied at given carbon
support (Pt and BCo on Vulcan XC72) or at given catalyst with varying carbon supports (Pt
onVulcan XC72 and on GEach of these materials are thoroughly characterized in the three
experimental setups in conditions that are similar in terms of temperature and (when
relevant) relative humiditythe markers of performance being the electrochemmaiface
area (ECSA) and the specific and mass activities (SA and MA, respectively), measured on the
relevant potential interval for PEMFC cathodes (from 0.6 to 0.95 RH&)Furthermore, the
study aims to determine (i) whether one technique is morevaht/reliablethan the others
to approachthe intrinsic properties of thetudied catalysts, (ii) whether the techniques are
all equally usable for all the catalysts studied (depending on thieaB&d nanoparticles
composition/morphology and the nature d¢fie carbon support) andnore generally (iii) to
draw a clear picture about the advantages and drawbacks of the three techniques to
benchmark PEMFC cathode catalysts



2. Experimental
2.1. Catalyst materials

In this study, three different catalysts have been chosen to enableultirangle
comparison of the experimental setups. All catalystwehbeen ordered from Tanaka
Kikinzoku Kogyo (TKK) and are carbopportedplatinumor platinum alloyechanoparticles
Vulcan XC78upported Pt nanoparticlesP{ 47wt% on Vulcan XC7ZEC10V5QEnoted
Pt/XC72, Vulcan XC78upported PtCo alloyed nanoparticl@®tCo 52wt% on Vulcan XC72,
TEC36V52, noted PtCo/XQahd graphitized carbesupportedPt nanoparticles (PBOwt%
on graphitized carboTEC10EA3GHT, noted Pt/GEpowdershave beerused as received for
the ink elaboration and the TEM grid preparation.

The particle morphology and distribution over the carbon support were investigated by
transmission electron micraspy coupled with Xay energy dispersive spectrometry (TEM
XEDS)and the corresponding (isolated) particle sizgribution histograms wee determined
by measuring the diameter of at least 200 isolated particles for each catalyst on a minimum
of 15 TEMicturesusing the software ImagéFigure2). The goldrEM grid wasimplydipped
into the catalyst's powders without any more complex preparataond imaged as such:
electrostatic forces are enough to stabilize the particles on the griteol 2010 TEM operated
at 200 kV and equipped with elemental analysisgiXenergy dispersive spectrometry ERDS,
Oxford, INCA) was used for the observations.

2.2Chemicals & Gases

Because the objective of this work is to measure the intrinsic activity of the thrbaded
catalysts, the experimental conditions needed to be as controlled (clean) as possible. To that
goal,cleaning of all glassware and PTFE parts of the RDE ane&GDias made using a mix
of 30 wt%hydrogenperoxide(H20z, ChemLab$ and 96%sulfuric acid bSQ, Roth)in which
the cells were soakedvemight to remove anyorganic pollution.Then, the cells were
thoroughlyrinsed with Ultrapure water (resistivity £8.2 M: cm, total organic carbon (TOC)
< 3 ppb) from a Mill@ system (Millipore, Merck)at least 2rinsingfor every component and
the cells werethen boiled in water for at least 1 h before another rinstogemove traces of
(hydrogen)sulfatespecies,which are known to be strongigdsorbed at Rbased catalysts’
surface

PuregasegMesser)were used for theRDE and GDdlectrochemical measurements: Ar
(99.999%), CO (99.9%4, O (99.999%) For characterization with the DC, gases from Air
Product were used: N(99.998%),H. (99.97%) and £(99.995%).For the GDE and DC
operation, a gsdiffusion layer (GDL) with isroporouslayer (MPL) was used to immobilize
the catalyst layer of the desired catalyst materialspectively a Freudenberg H23C8 and
Sigracet 22B. A Nafion 115 (Dupont) membrane was used for the preparation of the DC
membrane electrode assemblidglEAS.



2.3. Catalyst Ink electrode, electrolyteand cells

For the RDE setyja glassy carbon rod ofrdbm diameter ¢ection= 0.196 cm?jvasused
as the working electrodethe counter electrode was platinum mesh and aome-made
reversible hydrogen electrodgRHE: reference electrodeyvas prepareddaily with the same
electrolyte andmaintained at distancesing a uggincapillary A platinum wire waplaced in
the cell as a fourth electrode and a capacitive bridganecsit to the reference electrode
this setup atingas ahigh-frequencynoise filter[32].

Priorto each active layer depositionhe glassycarbon RDE tipsvere mirror polished
(down to 1 um, using diamond paste), and the polishing solvents removed in ultrasonic baths
of 99.8% Acetone (Fisher Chemical), tBéfb ethanol (EtB, VWR Chemicalahd then water

The RDE catalytic inkgere prepared using soluton of ultrapure water andsopropanol
(IPA, HPLC grade Fisher Chemical) with a volumetric ratio@iPFA = 2.5a 5 wt.%
Nafiontdispersion (1100EW, Sigma Aldrich) wasd as a bindefthe catalystbeing mixed
with ultrapure water and IPA and then Nafiam this order for security reasons)rhe inks
were then placed for 30 minutes in an ultrasonic bath filled initially with cold watef.Q°C)
These inks were immobilized at the glassybon RDE tips via spioating, using a
methodology derivedrom that of Garsangt al.[10]. A dry fraction of platinum equal to 20
Hg CM?geo in @ 10 pL ink volume gatargeted. The tip wathen heated to 90°C and the
electrodewas elaboratedby drop<€asting an aliquot of 10 pL on the rotating tip in a hot and
convective air flow.

The electrolyte preparation veanade withextremely pure reactants, here 7Q3rchloric
acid (HCI@ Suprapur Supelco Merck RDE // Rotipuran Ultra Roth &iE)ltrapure wateyr
0.1 mol * HCIQ was used in the RDE setupverall, the configuration of the active layer in a
RDE consistof a fullyflooded interface, through which the reactants (here &hd H) are
transported in the liquid phasd-{gure 1- A)

For the GDE cell, a modified version of the device of Arenzlesbeerdevelopedbetween
LEPMI an€EALITENThe configuration of the active layer is intermediate between a RDE and
a DC of PEMFC, kig 1 - B.



H, Outlet H, Intlet

Rather small amount of catalyst e Potential of oxygen electrode
Liquid electrolyte needed measured versus the hydrogen
Liquid electrolyte electrode
Gases dissolved in liquid electrolyte
(low solubility, slow diffusion) => high * Need to prepare GDE
mass-transport limitation

Environment difficult to clean
Need to prepare MEA

Figurel: Differentschematics of all three kinds of electrode's environmeé)tRDEB) GDE and @)C,
and their pros and cons

Theworking electrode has an active surface ao¢®.071 cm2it is porous and separates
the liquid electrolyte ¢n top), where the counter (placed inside a frit to prevent oxygen
bubbles nucleation near the WEhd reference electrodes are located, from the gas reactant
phase, a graphite monopolar plateoq the bottom). This configuration has multiple
advantages. On the one hand, as for tH2ERsetup, this configuration enables to have a good
control of the electrochemical parameters (the current flow from the working to the counter
electrode (platinum mesh)while the potential is precisely controlled/measured using a
commercial Reversible Hyogen Electrode RHE, Gaskatel).On the other hand, the
monopolar plate baringa flow field of 10 parallel channels patteshca.250 um width (same
for lands) enables dlow of oxygerin a similar manner as in a DC (less risk of flooding due to
better water removal) thereby strongly enhancing thrate of masdransport of the gaseous
reactant while protons (and water) shall be easily provided by the liquid electroljie
electrolyte was however more concentrated in GDE than in RDE, 1 tdICIQ aqueous
solutionsbeing chosen in GDE experimerds to avoid/limit proton depletion at the interface
in the course of the ORR measurement.

The differential cellused in this work is a smalized real PEMFC systgh8 cnt
geometricactivearea) with a membrane electrolyte that enables the prottvansportfrom
the anodeto the cathodewhile it separates (in theory) the gas reactants. Ft&>based
negative electrode is operated at high stoichiometry of phigevith a much higher loading
than the positive electrode (100 pg chof platinum) so to be considered not limiting, hence



is considered as both a reference and a counter electrode for the positive electrode where the
ORR (and hydrogen underpotential depositiogdHis performed. It washosen to operate

the DCat 30°C and 100% relative humidity, so to approach the conditions employed in the
RDE and GDE (25°C and liquid electrolyteg. cathode loading was kept at 20 pgaf Pt,

well below that of the anode (100 pg chof Pt), and theconstantgas stoichiometries being
very large €a.50 atl A cn¥), so to have at maximum a limitation of the PEMFC performance
by the cathode catalyst, and to enable accessing the intrinsic properties of the cathode
catalyst at stakewith as little agpossible mass transport limitation

Thecathodecatalytic inks for both the GDE and DC setupseweepared by mixing the
desired catalyst powder intoa solution ofultrapure water (Merck, Direct QUV) and
isopropanol(Sigma Aldrich 99.5%9llowing the same safety measures as for the RDE inks
The solution ishen mixed with a magnetic bar for 5 min at 400 rpm and then dispersed using
an ultrasonic bath (Elmasonic S15, 35 W, 37 kHz) for 30 min with cold water (after 15 min, the
bath water is renewed with cold water). Then the ionomer solufidafion D2020js added,
and the final solution imixed with a magnetic bar oveight at 400 rpm. The catalytic ik
used within 4 days and isept under mechanicaktirring (still at 400 rpm). Befe each
sampling the inkis ultrasonicated for 30 mif.he precise quantity for each component of the
ink is detailedn Table 1

Tablel: Composition of the catalyst inks employed for the MEA preparation.

TEC10V5QE TEC36V52 TEC10EAS3GHT,
Pt/XC72 PtCo/XC72 PU/GC
Catalyst (Q) 0.5 0.5 0.2
Water (g) 13.9 13.9 13.9
IPA (9) 29 29 29
lonomer solution (g) 0.8 0.8 0.32
I/C mass ratio 0.7 0.7 0.5

The catalytic ink used for thanode layer isprepared by mixing 2 g TEC10V50E
electrocatalyst with 9.25 g of ultrapure water and 0.75 g of ethanol. 30 g of 3 mm diameter
zirconbeads are thenadded in the flask and the inknsixed overnightwith a roller mill (IKA
roller 10 basic) at 30 rpm at rootemperature as reported bythe group of Gasteiger et al.
[33,34]. The next day, 3.2 g of ionomer solut{diafion D2020)s added to the vial and the
solutionis mixed again with the roller mill at 30 rpm all night. All the inkgedon the next
day.The same anode was used in all DC experiments, irraspeaftthe cathode catalyst at
stake.

2.4 Catalyst coated membrane fabrication

The cathodic catalytic layers afi@ricated by the ultrasonispray coating method using
an Exactacoat model from Sosiekequipped with a 120 kHz Impact nozzle. The spray bench
is composed of a nozzle mounted on an arm that can move in 3 dimensions. A syringe filled
with the ink allovsto dispense the ink until the nozzle. The coating&le on a 250 um PTFE



sheet that igolacedon a vacuum and heating plate set at 80°C. The flow raetiat 0.08, 0.1
and 0.2 mL mi# for the TEC10V5QHEC36V5and TEC10EA3GHT catalyss, respectively;

the x andy nozzle speeslarefixed at 30 mm3and the power at 2 W. The coating consists of
4 serpentine patterns as described in the workSafssiret al.[13]. The loading targes 0.02

mg cn?of platinum The real final loadinig evaluated by Xay fluorescence measurements
and are 0.019 mg ci(x8%of local aerial loading on the elaborated catalyst layer), 0.020 mg
cm? (x8%) and 0.018 mg crh (¥8%) of platinum for the TEC10V5QETEC36V52and
TEC10EAS3GHT catalysts,respectivey. For the GDE electrodes, théRFmeasuredioadings

are, following the same order, 0.018 mg€it7%), 0.020 mg cm(x7%)and 0.019 mg crh
(£8%) TheGDEelectrodes were subjected to a peahalysis mineralization; the active layers
were put irto aqua regia in PTFE tub@EM), let in open air for 15 minutes and then put to
higher temperature and pressure, using a microwave &M MARS). After a temperature
rampof 5°C mirtto 200°C, the temperaturevas held for 30 minutes and then the tubssre
cooled down to the ambient temperature. The lixiviated solution is then pipetted and diluted
in 40 mL of ultrgaure water.The final solution is weighted and further analyzeihg an IGP

MS PerkinElmer NexION 200@ quantify the amount oplatinum that was present on the
electrodes tested. The resulting loadings (calculated using the geometric area of the
electrodes, 0.071 cm?) werdetermined using this technique for all three catalystisdied in

this work 0.021 mg cm (¥2%), 0.020 mg ch(+x3% and 0.018 mg crh(x3%).All three
electrodes tested for each catalyst were mineralized and the errors presented here are related
to the difference between each electrode loading. These loadings were used in the following
to determine the mass activityfeevery catalysin GDE and not the XRF measurements
which were however used for DC mass activities calculation

The anodic catalytic layers amrepared using a doctor blade automatic film coater
(Elcometer). The ink oated on a 250 um PTFE sheet thatmmobilized flat on a vacuum
and heating plate set at 60°C. The coating speé&dmm st and the coating iglried on the
heating plate for approximately 5 min. The platintangeted loadingis 0.1 mg crt.

Both catalytidayersarethen hottransferred on a Nafion N115 (130 um thick) membrane
for 10 min at 1 MPa and 160°The membrane thickness employed was chosen high, so to
limit as much as possible the (detrimental) effects etckbssover, that could bias the ECSA
and ORR measurements performed at the ORR cathode (thesesediectindeed more
pronounced for lowloading cathodes like those used herein).

2.5Electrochemical characterization
2.5.1 RDE and GDE

The electrochemical measurements in liquid environmentdmee using thre€dGDE) and
four (RDEglectrodecellsetups, thermally stabilized at ¥ 25°C using thermostatic baths and
controlled with a Bid_ogic SR500r SP300 potentiostat equipped with a frequency analyzer.
For each experimental setup, the higleduency resistance tetermined at the open circuit
potential at 100kHz with a 20 mV amplitude. This resistancetien dynamically corrected
at 85% and the 15% remaining are postrectedto access Ohmidrop corrected (IRree)
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kinetic parameters. In any case, tbell resistance during the experimentasca. 3to 5 : for
both the GDE and RDE setups

For each measurement in RDE, a bubbling period is necessary to saturate the liquid
electrolyte with the appropriate gagrior to every applied eleatchemicaltechnique. A
rotation of the RDE tigt 400 rpm is maintainedas well as a 20 min waiting period for the
change in gas saturation of the electrolyte. Tabléetailsthe waiting times in RDE and GDE
and all the flow rates of gas used in GDE.

Table2: Time and flow rate of each gas for the R[2E —in blug and GDE (right in red)techniques
(liquid electrolyte)The flow rates in RDE are not indicated, but correspond to a few bubbles per second.

Breakin CV 20mV st | CO stripping| Pseudo ORF ORR cycles
Waiting - Time /10 /0 /315 /10
(min)
Gases Flowv
rate (mL min') >0 >0 80 60

Tostabilizeeach electrode, breal cycles under inert Ar atmosphere are performed with
eachpristine active layer; this enables tstart from a reproducible initiaktate of surface
(reduce thepre-existing platinumoxides and remove/oxidize the organic compoarfitbm
their surface® The protocol is well acknowledgadthe communityand consist of 50 cycles
of voltammetryin supporting electrolyte within the stability domain of water(®< < 1.3
Vvs RHEWith a scan rate of 500 mVAsAnother sequence afyclic voltammetr{CV, 3 cycle¥
is employed for the GDE experiments at 20 mefore the carbormonoxide (CO) stripping
protocol.

CQstripping CVs (sekigure Sl in supplementary information) are used to determine
the electrochemical surface area (ECSA) of théaBed catalyst in the RDE and GDE
configurations CO is injected to the working electrodsile the potentialis held at 0.1V vs
RHE for the appropriate amount of time for each setup, which correspond to the waiting
period listed in Table .2After asufficiently longpurging time(35 min in RDE and 15 min in
GDE) three successiveyckes by voltammetry are performed to electrooxidize the CO
adsorbed on platinum (first cycle) and then measure the baseline hydrogen
adsorption/desorption (lhe) and Ptexides formation/reduction characteristics of the given
catalyst To have a similarlectrode state, the cyclic voltammetry following the carbon
monoxide oxidation cycle is used for the determination of thedrelated ECSA for GDE and
RDE testas well as for the background subtraction, to remove all the contribstioot
related to CO widation The electrooxidation charge per surface unit ofapnum is taken
equal to 420 uC cret [35] for every catalyst, knowing that it is not perfectly corrémt the
Pt:Co alloy l§ut is reasonably assumed to remain a correct estinjd&). For the HrpECSA
determination, a charge of 21AC cnetis considered

The ORR activity is evaluated by performing sdoan CVs in£&nvironment O, being
either bubbled in the electrolyte for RDE -er fed through the monopolar platesfer GDE)
on the desired catalyst layers. Due to the IORRcurrent obtained in RDE, a pseu@iRRs
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performed to correct the background (capacitive) current at 5 mrsd a rotation speed of

1600 rpm, same conditions used for the evaluation of the ORR actijgd{=#3]. A 1 min rest

period is held at 0.2/ vs RHEo stabilize the current before the voltammetry begins. The
same potential range, from 0.2 to 1.05v¢ RHEis used for both the RDE and GDE ORR
measurements’ cycles are performed for theDE in order to reach a stable performance
(that keep on increasinauntil they neasstabilizeas the cycles go on) and the determination

of the ORR activities is made on the increasing potential scan (positive sweep) of the last cycle
(the ORR evaluatiors also made on the positive sweep in RI#) all measurements, a
minimum of three samples was used in order to guarantee the reproducibility of the
measurements.

2.5.2 Fuel cell operation

The electrochemical characterizations of the CCMaied out with a FuelCon test
bench and a 1.8 cm? electrochemical differential cell designed with parallel gas flow channels
(of similardesignthan for the GDE)The MEAs sandwiched between two gas diffusion layers
(SGL 22BB) and two 150 yihick PTIEE gaskets. The electrochemical differential cell allows to
work with high stoichiometry in order to guarantee a homogeneous operation in the plan
the catalytic layer.

Prior to any electrochemical tests, a breakprotocol isapplied to the MEA. This protocol
consistsof applying a voltagef 0.1 V for 30 min (for CCM with TEC10V50E and TEC36V52) or
90 min (for CCM with TEC10EA30Bat 80°C under #O- flow (38 NL.h* and 18.8 NLh?
respectively), at 80% relative humidity and a total pressure of b&fa (anode and cathode
side).

The electrochemical surface arealstained by cycling the voltageomU=0.1 V tdJ=
1.2 V, at 20, 50, 100 and 200 m¥/ for T= 30°C, 100 % relative humidity, undefNs flow
(38NLh'and 95 NLh! respectively)lt is admitted that the anode is not limiting the system
operation, and that cell voltages are (very) close to the potential experienced by the ORR
cathode and hereafter, the DC voltage and cathode potential will be considered similar.

Thepolarization curveshrough which the ORR activities are determirsed performed
at T=30°C, 100% relative humidity, undes/® flow (38 NL.h"* and 18.8 NLh%, respectively)
and under atmosphec pressure.A Staircase potentistatic electrochemical impedance
spectroscopy (SPEIS) techniqueised instead of cyclic voltammetry in order to obtain a
better correction of the Ohmic drop. The procedurenade up of 16/0ltagestepsof 50 mV
maintained for 3 seconds eafifom U= OCV taJ= 0.1 V. At the end of eacloltagestep, EIS
is registered from 50 kHz to 1 kHassuming the duration ofheé EIS measurement, this
corresponds to an equivalent voltage sweep rate close to 5 rh\{{sse Figure SI.2 in
supplementary information), which the sweep rate used in RDE and GPEycles of this
procedureare carried out and the backward step of the second cyclesed toevaluate the
mass and specific activgsof the three electrocatalystsThis procedure also enables to have
a correction 6 the high frequency resistance along the “discretized” polarization curve.
Indeed this resistance varies while higher current densities are reached; heat and water are
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generated, leading to two antagonist modifications of this resistance. The correction of the
polarization curve with an adequate poitd-point ohmic drop is similar to an overall
correction of a high frequency resistance measured at the OCtgrabe seeon Figure S2.

As Dr all the experimental results obtained, the discretization of the DC experimgnts
made to have a few points to compare in the range of 0.95 toV0Ater correction of the
ohmic drop and of the hydrogen crossover, tirst expaimental point igaken for the higlest
cell voltage(OCV in DC, closest@®5vs RHE value of potential that issually employed to
benchmark ORR catalysts in the RDE and GDE characterizaiilbmsar regression is made
for the determination of the points under 0.8, as a linear domain is established on the
discretizedpolarization curveobtained with the SPEIS techniqueor the value of 0.¥, a
classicallinear fit is not relevant because le electrochemical behavior follows the
exponential trend given by theuBer-Volmer equation. A linear regression in a seihog
coordinate system is therefordone using the values measuratlithe three highest voltages
(ca.from 0.94 to 0.88 Wyith the SPEIS technique to measure the Tafel slopes, for every curve.
TheORRactivity at 0.9V is theninterpolated from these mean slopeBSor all measurements,

a minimum of three samples was used in order to guarantee the reproducibility of the
measurements.

3 Results and discussion
3.1 Physicochemical properties of the three ORR catalysts

The three ORR catalysts evaluated in this work are commercial and very
popular/characterizedn the PEMFC communitidere their physicochemical properties were
only verified using TEMEDSRepresentative TEM micrographare presentedfor each
catalyst on Figure 2. The TEC10V50E -cataly®t/XC72) consists of small and very
agglomerated nanoparticleén 2D flat raftsat the carbon surface); their high extent of
agglomerationlikely decreags the effective surface area of the platinum surface. The
PtCo/XC72 catalyst (TE8Y52) is made of alloyed PtCo nanoparticlePe€Co atomic average
composition, the nanoparticleseing essentially rounghaped, isolated (low extent of
agglomeration) and of larger diameters than for the Pt/XC72 ones. Finally, the Pt nanopatrticles
on the graphitized carbon blacREC10EAEHT, Pt/GC) are essentially rouskdaped and
isolated, with anaverageparticles’ diameterthat is intermediate between the two other
samples. From such representative TEM micrographs, particle size distribution (PSD)
histograms have been drawn, based on the isolated nanoparticleskiglyr¢ 3. Considering
Ag. 850

A% 8o’
where Tgis the number of particles having a diamet@): it is 2.8, 6.3 and 8.3 nm fahe
TECQV50E, TEC10EA3BE and TEC36V52spectively

the TEMmicrographs, the numbeaveraged particle size was measur@@ =

The theoretical surfacemreasestimated from these average diameters are @0, 44 and
34 m2 g! for the TECOV50E, TEC10EA3BHE and TEC36V52spectively. These values are
only calculatedrom the isolated nanoparticlediameters compiled in the histogranend this
calculation may be significantly biased, because it does not give any weight to the particle’s
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agglomerate®r to the largemanoparticlesvhich have been detected from THMt are very
awkward to quantifyAs a resultthe values presented hereea bit higher thathose usually

encountered in the literature for such catalyst®.3 and 4.4 nm for TEC10V50E and
TEC10EAS3GHT respectively.
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Figure 2: RepresentativeTEM micrographsand particle size dispersionistograms for isolated
nanoparticles ofA) the TECLO0V50EPt/X@2, brown), B) TEC36V5ZPtCo/XC72purple) and C)
TEC10EA3GHT (Pt/GG orangé catalysts

3.2 Determination of the ECSA: influence of the working electrode environment

This workaims tocomparethe three experimental devices that atbe most usedn the
literature to benchmark PEMFC cathode cataly3is that gogla similaplatinum loading has
been targeted for all the workinglectrodes RDE, GDE or 2@d each catalyst at stak&his
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catalyst lading & fixed at 20 pg: per cn? unit area of electrodgsuch small Pt loading was
chosen because it is compatible with ttietermination of the intrinsic catalytic activity of the
chosencatalyst a smallloadingshallprevent any‘active layer effects”, i.eit is not expected

that consequent mastansport limitations occur within the thickness of the active layer
which would be the case in thick active lay¢igl,37]. Due to a lower loading of the
TEC10EA3GHT, the active layer is expected to be thicker than the two other catalysts, but
still thin enough (< 1 pum) to prevent as much as possible these limitations thith@essof

the electrode.The three setupgRDEGDE and DC) are fundantalty different bythe nature

of the electrode environmentand the way the reactants are fed to the active layengss
transport mechanisms of protqnvaterand oxyge as well as byhe electrochemical control

the experimentalist can have on the working electrodsseFigure 1. In particular,these
experimental environmentsinduce non-negligible differences with one another when it
comes to the evaluation of the electrochemically active surface @€5A). For ¢hRDE and
GDE, the electrode faces a liquid electro)ytdich canin theoryeasily access every catalyst
particle The active layer in RDE is likely fully flooded, at least when the catalyst support is not
too hydrophobic, which shall be the case for Vulcan XC72 (Pt/XC72 and PtCo/XC72), but is
more speculative wa very hydrophobic support like graphitized carbon bigkGC), even if

the presence of ionomer can improve the hydrophilicity of the Pt/GC active. |&erthe
contrary, in the case of the GDE, one side of the active layer is likely flooded (in direct contact
with the liquid electrolyte), whil¢he other sic of the catalytic layefon the hydrophobic GDL
side)is subjected to a high flow of gaas a result, one expects that the active layer is (in
theory) properly hydrated by the one side and well accessed by the gaseous reactants on the
other side.This ca of course noperfectlybe the case in practicespecially if the active layer

is “thick”, which shall not be the case for the dsmtalyst loadingZ0 pg:cn?). In addition,

even if one would consider the GDE configuration in its ideal case, thielpaessure of
gaseous species (close to 1 bar for pure gases) should be different from the solubility
experienced in liquid electrolyteand therefore for RDES, which could modify the equilibrium
potentials at stake, notably for hydrogen reactions.phrticular, the low vertex potential
value applied foHuppmeasurementsn RDE (0.05 V vRHE) might not be appropriate to
measure the ECSA in the GDE (and DC) configurations, owing to a different HER/HOR
equilibrium potential for Pt|gas phase+liquidterface than for a Pt|liquid interface; the
upward displa@ment of the effective potential at which the hydrogen evolution reaction
(HER}akes place in GDE (and in PEMBE8])maylead to a miscalculation of the ECSA in GDE
(and in PEMFC) using thexkmethodology Thiswill be further discussed hereatfter.

Figure 3-Ashows that indeed, for a given catalyst (for example the TEC10V50E, Pt/XC72)
and the same potential sweep rate values, the shape of theCVs differs a lot between fully
flooded active layers (in RDE) and active layers partially in the gas phase (in GDE,and DC)
incursion to low potentials leading to very large HER currents in the latter.dasaddition,
the onset potential for HER is similar for both GDE and DC which letwds tonclusions: (i)
the GDE uses a true reference (commercial RHE), which validatebdhreference used in
DC,meaning thehydrogen electrodeand (ii) the degree of humidification influences this
onset potential (having a fully flooded electrode leagito RDE result), which in this case
proves the active layer in GDE is not flooded but has rather a similar humidity as the DC. As a
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result, the Hpa CVs must be performed using a higher tesvtex potential for the GDE and
DC, which leads to a nareglgible underestimation of the ECSA measured frogdth these
cases. The same applies disothe PtCo/XC72The C&tripping coulometry is a more reliable
technique to measure the ECSA, very similar results being found for thebd€a@ active
layersin GDE and ROEigure 3B,CandFigure Sl.1 COstripping measurements are usually
complicatedin DC they are usually not performed in the literature and were not performed
herein), and only cyclic voltammetries unde#/N> gas flows are used to determine the ECSA.
In any caseone notes theclear underestimation of the ECSA measured with thept the

DC setup experimentsompared to the C@tripping based ECSA values measured in RDE and
GDE In brief, the ECSA valuegelenined with the C&stripping technique and the Jgt one

are within the error bars for RDRut differ significantly folGDEand DC

Figure 3BandC also highlight twpeculiarissuesindergone with the TEC10EAZ3BE (Pt/GC)
catalyst that employs a hydrophobic carbon (graphitized carbon black). The first oglatied

to the catalyst layer preparatiomlthoughthe deposition process for the preparation of thin-
film RDE is supposedgenerate homogeneous and welisper®d catalyst particlesrom the

ink, it is not satisfactory with the graphitized carbon blaakhfydrophobic carbon support)

The reproducibility of the ink deposition isncertain leading to norhomogeneous and
incomplete active layerpresenting areas of thinner (if not absent) aetlayer, and others of
thicker active layer; of course, the local accessibility of the Pt/GC particles differs from one
region to the otherThe second is connected to the hydrophobic nature of the carbon support,
that is therefore less intruded by thejliid electrolyte (especially in the regions of thicker
active layer mentioned above). As a result, some regions of the Pt/GC active layer may remain
“dry”, even in RDE conditions, .i.are not accessible to the liquid electrolyte, giving an
underestimationof the ECSAhis applies both téluppand CGstripping characterizations. This
effect of underestimation of the ECSA in RDE, clear on FigBr®i8Pt/GC, is not observed

for the other catalystsupported on more hydrophilic carbon (Pt/XC72 and PtCadzx @

which the same ECSAdistermined via C&tripping for RDE and GIEgure Sl.1)
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Figure3: A) CVobtained with Pt/XC72 catalyst under inert atmospheith the RDE (red), GDE (blue)
and DC (green) setup8) ECSA valuaketerminedusing CO stripping and,/dmethods for the three
setups and the three catalysts andE¥plution of the ECSA determined vigi Bt different voltage
scan rates for th®C setup foPt/XC72(brown), PtCo/XC72p0rple) and Pt/GQorange), the colour
code being similar fa8 and C.

Regarding the evolutions of the ECSA meastoedll three catalysts as a function of the
voltage scan rate&ee Figure S1.3 in supplementary informatiorthe differential cellfigure
3-C),the choicewas made to take the values at 50 m¥ Fhis choicdirstly relies on the fact
that a hydrogen oxidation peakppearsat the lower vertex potential of th@ositivescanfor
higher voltage scan rate (100 and 200 mY, swing to thenon-negligible HER witnessed in
the negative scamat high potential scan rate, the evolveddbes not have the time to diffuse
out of the active layer and some fraction of it can be reoxidized in the subsequent positive
sweep. So, taking such data fapftietermination clearlywould lead to an ovesestimation
of the H,pa charge(non-negligible bias by some HOR curfjeand to avoid this, the low vertex
potential must be shifted positive by a few mV compared to the case of the RQLE 3A).
Secondlyat low scan rate, it is possible that impuritieso(nplexto remove in the PEMFC
environment) bias the measurements performed at low potential scan(iatpurities, likely
cleaned/displaced at the extreme potentials have the time to diffuse back to thé/tatsites
if the potential sweep rate is slowjVith this choiceof “intermediate” potential sweep rate
the values of active surface ftre two Vulcan XC72 supported catalysts do not vary much
(Figure 3B); they are still below the values measured bystppingin RDE and GBthough,
but on the same range with the results ofi¢din GDE.
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All'in all, the ECSAseasured by khqin DC for the XC72ased catalysts aremallerthan
the onesmade by theCOstripping methodn GDE (theame ink and same deposition process
have been used to produdtie GDE and DC active layenshich itself is equal to the GO
stripping ECSA made in RS then reasonable to believe that the DC determination of ECSA
is an underestimation of the realidacearea as it has been previously observed for thgq
ECSAneasuredin GDEversus RDE. On the contratiie decreasd ECSAneasuredfor the
graphitzed carbon blacksupported catalystPt/GC)xouldbe related to the uneven repartition
of the water n the active layevolume, leading to proton accessibility issues while increasing
the voltage scan rate. In that cagdhe ECSA measured is monotonically decreasing with the
scan rate.

3.3 Determination of the intrinsic ORR activity: influence of therking electrode environment

Knowingtheir ECSA valugthe ORRerformance of thehree catalysts hebeen assessed
using the threeexperimental setups (RDE, GDE and DC). The ORR &ttigtty assessment
is based on the measured ORR polarization plotsarthree setupsthe ORR activities have
beencompared with respect to the Pt loading (mass activity, MA)tartde measuredECSA
(by CGstripping for RDE and GDE andHyypat 50 mV 3 for DG specific activity, SA).

Figure 4 presens a summary of the experimental results obtained for the Pt/XC72 sample
(TEC10V5QEhe geometricandspecificperformance of this catalyst is comparecdRDEGDE
and DCA first observation that can be done on these resultha RDE geometric curresit
of ORR areery significantly inferior to those measured in GDE and DC, owing to the decades
larger O, masstransport limitation experienced in liquid electrolyte versus in the gas phase.
This is not a surprise and evidently confirms earlier data froheagues[24,30]. Secondly,
one notes thalifferencesin experimental reproducibilitghere expressed as error bars on the
graphs)from one technique to the other, especially when one compares the GDE ankdeDC
weight of smallheterogeneities on a given sprayed carbon shigeinore importantif the
working electrodes tested ar@.071 cnd samples (GDEhan 1.8cn¥ samples (DC)n both
cases, the geometric current density evolution seems similar at high eleghaiéatialcell
voltagesbut a cleaiseparationof the performance measured betwedine two setups is seen
below 0.7V, at the detriment of the GDH isobvious that the latter setup suffers larger mass
transport limitation than the DC at high current densities (low potential), which one can
ascribe to water floodingtlie GDE is in contact with liquid electrolyte and more water is
producedin the catalystayerat larger current density valugshence to @ masstransport
limitation. Indeed, it is unlikely that the limitation occurs by a larger proton transport
resistance for the GDBwing to the facthat (i) there is for sure more liquid watéhence
protons)in the GDE setup and (ihe Nafion ionomer distribution in th®C and GDE active
layersshould be equal, these active layers bgimmgpared in a similar manner and with similar
catalytic ink compositionsSo, the @ masstransport limitations arewithout any surprise,
varying in the order: DC < GDE << RiDE are essentially occurring by detrimental water
flooding of the active layers decreasing in the sequence RDE >> GDE > DC (the water flooding
issues being only observed at large current densities/low potential in the case of the GDE)
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In addition the differences of ECSA determation noted previously may lead to a
significant gap between thepecific current densitiegsfe measuredfor the RDE and GDE
setups (on the onednd)andthe DC setuggon the otherhand):the higher ORR specific current
density at a cell voltagm the range 0.8 to 0.& measured for the DC setup, can therefore
originate both from a smaller Onasstransport limitation, but also from the fact that the
ECSA measured byl in this setup is minored compared to that measured bys@{pping
in the GDE (and RDE) setups. Whatever these biases, the Tafel plots representing the specific
activities of the Pt/XC72 catalyst measured in thdse¢ setups Kigure4-C, bottom) are
remarkably superposed in thaertediunt potential interval {.e. from 0.9 to 0.8 V vRHE),
which means that any setup is relevant to measure the intrinsic ORR activity of the Pt/XC72
catalyst in these conditions (room temperature, fully hydrated gases or liquid electrboigte
potential regior). The same essentially applies for the mass activikegife4-C, top) the
mass activities of the TEC10V50E (Pt/XC72) catalyst measured by any of the RDE, GDE or DC
setup compare fairly well on the mediupotential rangeinvestigated with a nonnegligible
DC’gendencyto underestimate the MA at high cell voltagexplained below)

All the techniques come with their own experimental limitatiptteough. TheTafel plos
show that for high cell voltages/electrode potentials, DC experiments lead to lower current
density, being expressed by the catalyst m@s&pronounced manneror specificarea (in a
smaller exteny; this effectlikely originates from thedetrimental H crossoveiobserved in the
DC (see Figure)lthat negatively shift the opemwircuit potential of the cathode in the DC
compared to ideal cases where the cathode can be well separated from its counter and
reference electrode (GDE and RD#EENnce making high potential measurement of the ORR
hard to do(the cathode sees somexHand the superposed HOR current biases the ORR
current, especially around the ORR onset redidm) additionand without surprisethere is
no possible measurement of the intrinsic activity for the RDE below 0.8RHEwhile the
GDE stasto be severely limited by nasstransport below 0.7 V vRHETafel slopes can
be calculated using the discretized points from 0.95 to\0shown on Figre 4-C for Pt/XC72
and on the related figures for PtCo/XC72 and Pt/GC. All in dik case of Pt/XC7the values
of Tafel slopes in the “high potential region®( from 0.9 to 0.8 V v&RHEare close to 9mV
dec'in RDE and GD&nd 64 mV dect in DC thosein the low potential region (from 0.8 to
0.6 V vsRHEprecloser to 170 (in DC) and 210 (in GDE) mVidadich is notin agreement
with earlier reports on these materia[84,39]. These large valussipport the assumption
that not onlychargetransferkinetics is at stake for all the setups (even with the Koutecky
Levich correction in RDENd all experimental efforts to limit the masansport limitations
in GDE and DC

L1t has to be noted that the +trossover in DC has a larger impact on the CV measurefNnddnfiguration in

the present case (low cathode catalyst loading, 26 ¢igr?) than for usual cathode loadings (> 10G4a?),

because in the former case, the small catalyst loading results in small capacitive current in the CV, and therefore
to a larger influence of the kElcrossover current. The same applies for the ORR measurement, in particular close
to the OCPife. for cathode potentials larger than 0.9 V. RHE).
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Figure4: Experimental resulisbtained withthe TEC10V50&atalyst A) Mean polarization curves with
respect to the geometric surface of the electrqd&@sMean polarization curves with respect to the
chosen ECSE)Tafelplots summarizing the mass and specific activaiedifferent potentials and cell
voltages. All the graphs contaihe results of all three setups studjesith the same colocode as for
previous figures (RDEred, GDE in blue and DC in green)

Thetrend observedn Figure Sor the bimetallic catalys{PtC@XC72, TEC36V52} fairly
similar than the one of the Pt/XC72: RDE still presents dec#ém&sr geometric current
densities than GDE and DdDd a better reproducibility of the results is observed for the DC
experimentsthan for the GDENeverthelessGDE and DC geometdnd specific current
densitiesare closer tmneanother for this alloyed catalysih the whole range of potentiatell
voltage A higher difference stands out ftive specific current densitffFigure 5B)as the ECSA
isstill different for the two sets oéxperiments the reason being the sanasobsenedon the
CV4Figure 5D)under inert atmosphere for the d#ppotential region The ratio between the
ECSA determined for the GDE viasiipping and fothe DC via ljqisca. 1.5, lower than the
factor 2 measuredbetween the low potentialg0.8 to 0.6V vs RHEspecific current densities
for these two setupsThe difference noted previously on the ECSA is therefotesufficient
to explain on its own the gap between the specific current density observed in GDE and DC
Thiscorroboratesthe hypothesis of a nomegligiblelimitation by the oxygen madsansport
in the case of the GDhich is thereforenot related to the nature of the catalygdbbserved
for Pt/XC72 and PtCo/XC72nother possibility thatnustbe considered is the difference in
electrode size and the thermal management of the GDE and ththBfatter having 25 times
higher mass of platinum, it will lead to higher currents than in GDE (at a given current density)
and then will generate more hea€ontrary to the GDE, the DC hasbutk liquid electrolyte
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near the working electrodeso te heat poduced (related to the high currergenerated
results in larger locahermal gradient inthe DC (in GDEhe heat can be evacuated in the
liquid electrolytg. These heterogeneities in thermal management can have a detrimental
impact and lead to experinmtal discrepancies measured ORR activiti@he Tafel plots also
show that the RDE results are not in an as good agreement as has been previously
demonstratedwith the GDE and DC setups for TEC10MBOEHgUre 4. At high electrode
potentials where RDE can be performed, all the values of activity measutbdthis
techniqueare below the ones obtained in GDE/OW@is underestimation of the RDE activity
cannot be attributecheitherto the cleanliness of the setup (DC assumed to be the worst case),
nor to the liquid environment (shared with GDBut of course, it is expected that the mass
transportlimitation is more critical for more active catalysts, which is the case for PtCo/XC72
versus Pt/XC72t given overpotential, xygen is depleted more ragly for PtCo/XC72due

to highest current densities per unit surface of material, leading to a lower concentration of
reactant at the vicinity of the active sit€he evolution of the current density follows a similar
logarithmic slopdor RDE and GD@&opse to 95 mect andasmaller slopdor DG as reported

for Pt/XC72 of car5 mV det, but the starting point of the measured activity is not the same.
For both “liquid electrolyte” setups, the open circuit potential is yet almost the saimd (06

Vvs RHERndsignificantlyhigherthan the open circuit voltage in D€a(0.945 \ assumed to
correspond to 0.945 Vs RHE for the cathode open circuit poteniahich should lead to the
same activities even for the RDE and @Rjerimental setps. The ratio of the GDE versus
RDE activity at high electrode potentigking superior to Jlis nonetheless a proof df) the
cleanliness of the GDE set(o real poisoning of the catalysts is witnessed) and (ii) the fact
that the GDE data can of coerbe more considered nemasstransportlimited compared to

the RDE data, even after masansport correction in the latter case and for rather high
electrode potentials The high potentialsTafel slopes are quite similar to ake of the
TEC10V50&atalyst but the slopes in the low potential region are significantly higher, 240 mV
dec?; this value igwice the value expected for the ORR reaction kinetics at such potentials
[40], and this shows that the massnsport limitation is by no mean negligible in these
conditiong[39], even in the case of the GDE and DC,; this is again no surprise, owing to the high
ORR activity of the PtCo/XC72 catalytinetheless, arery good correlation between GDE
and DC results is observed for the masgivity and especially for thepecific activity
measurementson the whole range of potentialsThis agres with the observation on
TEC10V50End further showsthat these setupdead to comparable assessment of the
catalytic activity on the whole “useful” cathode potential range of a PEWFZ- 0.9V vs
RHE).
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Figure5: Experimental results obtained wifEG6VZ catalyst A) Mean polarizationcurves with
respect to the geometric surface of the electrgd&®sMean polarization curves with respect to the
chosen ECSE)Tafelplots summarizing the mass and specific activaiedifferent potentials and cell
voltagesand D) CVat 20 mV 8 with respect to the geometric surface of the electrodes. All the graphs
containthe results of all three setups studjetith the same color code as for previous figures (RDE in
red, GDE in blue and DC in green)

The PtCo/XC72atalyst has been studied as it pnses a higher intrinsic activity in RDE
but with a realquestion on the uncertaintie® maintainthe improvement factomeasued
at very high electrode potentials in the RDE setup (0.95 an&/ @9 RHEYor the “useful”
cathode potential range of a PEMFC (0.80.9 V vs RHE).Figure 6 presentsall the
improvement factorglF)for TEC36V5and TEC10EA3®H, usingthe same setupthe results
for TEC10V50EBeingthe referencefor the calculationsFigure6-A and C are related to the
specific activity ratis,andFigure 6B and D tdhe mass activitratios. For the three different
setups, the predictedmprovementof PtCo/XC72 sedn RDE at higklectrodepotentialsis
maintained in GDE and R€lower pdential values. In fagtthe enhancement factaerof the
PtCo/XC7Z2atalyst promisedn RDEare even bettemwith the other experimental setups.tA
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lower potential values (and larger current densities) in a ctoseeal PEMFCell, the catalyst

still exhibitsimproved current density, independentlyrothe relevant studied parameters
(real surface or mass of catalyst) and this can be assessed as well by GDE measurapsnts
improvement factors ar@earlyconstant in GDE and vary more for the DC, tvisiaggests
possible change obehavior of either the alloyed or the reference catalyst during the
experimentin the DC conditionsThe higher IF measured at higher cell voltage can be
attributed to the fact that PtC&XC72(here composed of rather largeanoparticlesseeFigure

2) is believed to be less affected by platinum oxi@édarge potential valuethan PYXC72
(composed of much smaller and more agglomerated nanoparticBsgcific activity is of
course useful to understand the ORR kinetics,thatmass activity is of more interest for the
costrelated performance, related directly to the quantity of catalyst that has to be integrated
in real PEMF@his is more relevant forindustrialg. Here, while he mass relatedF of
PtCdXC72 is less spectacular than its specific area relatetl ifstill way above 1, which
confirms the practical (industrial) interest of thaatalyst

Figure6: Improvement factors relative to the TEC10V50E catalyst fdrra# setups measured g
specific activities and B)ass activities ratio fahe TEC36V5@atalystand C)specific activities and D)
mass activities ratio for thEEC10EA3GHT catalyst

Figure 7explores the case of platinum catalyst supported @raphitized carbon black
(Pt/GC, EC10EA3GHT). Although the trend between RDE and GDE/DC characterizations is
the same (hugely larger-@nasstransport limitation in RDENnonnegligibledifferencesare
also witnessed between the GDE and DC for therjzaithon curveseven in the high potential
region Theexplanationthat is put forth to account for these differences is once again linked
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to the water management for both setups, which is believed to be tremendously difféent
this carbon supportFigure 7-B shows that GDE results suffer the same limitation a th
observed for TEC10V50Eidure 4). The Pt/GC catalyst presents the lowest maximum
geometric current density in GO§tae reproducibilitybeing high for this experimental setup)

It reaches tle same maximum specific current density, presumably a limitation related to the
nature of the catalyst itselfan expected resulbut with a very different shape of the upward
and downward potential sweeps which isless present for the VulcanXC72suppoted
catalysts.The upward cycle has degraded performance compared taltvenward cycle. A
period athigh potential mayhave a positive effect on water removal, leading afterward to
higher current densitiegeven though it creates Pt oxides that can have a detrimental effect
on the ORR)AII these findings point out that environmental issues are present for the GDE
experiments of this catalyst, mainly related to the possible flooding oathtre layedueto
inefficientwater removal. In spite of that, Figure@ displays that RDE and GDE results at high
electrode potentials are a good match, as ithe case for TEC10V50&ith also the same
issue for the highest potential point.

Figure7: Experimental resultsbtained forTEC10EA3EHT catalyst A) Mean polarization curves with
respect to the geometric surface of the electrqd&®sMean polarization curves with respect to the
chosen ECSE)Tafelplots summarizing the mass and specific results at different potentials and cell
voltagesand D) CVat 20 mV s with respect to the geometric surface of the electrodes. All the graphs
contain the results of all three setups studied.
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There is a good overlap of the OR®ivity resuls in the potential range of RDE, which
once more gives confidence in a possigktrapolation of RDE results tobroader potential
range This good extrapolation seems to have a relation with the nature of the catalyst studied,
single metal nanoparticlés this casemore thanonthe carbon support. fie detrimental gap
observed for the specific current density in GDE and DC cannot bénexpla the difference
in ECSA measurement, as the ratio between CO stripping g@addtve surface is, by far, the
lowestamong all the catalysts studieligure Galso shoved a particular discrepancy between
the specific activity of the Pt/VC and P€GThe comparison is not in favor of thedatas it
hardly maintains similaactivity. On the contrary, the mass activity is absolutely not the same
and falls dowrfor all three setupgo half or even a third of the activity obtained with the
Pt/VCfor GDE and RDE respectivdligis tends to highlight another issue encountered by the
Pt/GCcatalyst the heterogenousaccessibilityto the active sites. Looking at the specific
activity related improvement factors, one would conclude tHa active site®f Pt/GC work
similarly as those for the Pt/XCTtatalyst. However, the quantity of working Steay be
smaller than expected for this catalyst, as the mass related fatdrsmendously lowefThis
is particularly well shown by the RDE results, eximdpinlmost the highest and at the same
time without a doubt the lowest improvement factors related respectively to the specific and
mass activity. This trenénds to be reduced with the GDE setaipd is nearlyabsentfor the
DC. This is the order that hasready been given for the presence of water, being more
detrimental for this catalyst in RDE, GDE and impacting less the catalyst in DC.

Hgure 8 related to DC characterizations, offers a good vision on this phenomenon, as it
completelyerases the gappetween both single metal platinum catalysts. A similar behavior is
observed on the whole scanned range of cell voltage for these catabyf$ering a good
prospective of comparison for similar catalysts composition (in terms of catalytic partsles)
it seems to depend mainly on the nature of the metal and not much on the nature of the
carbon support. The PtCo alloyed material is not on par with the two others, and its
improvement factor over the pure Pt/C samples is significemthe whole polarizatiorcurve
(from 0.9t0 0.5V)
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Figure8: Mean polarization curves in DC environment for all three catalysts with respectthe A)
geometric current density and B)e specific current density JdrelatedECSA taken at 50V s'.

3.4 Discussion

This work aimedto compare three of the most used characterization setups of the
literature: the Rotating Disk Electrod®DE), the Gas Diffusion Electrode (G&if) the
Differential Cell (DC) and to cheak fiot) whether these systems all enable to access the
intrinsic (ohmiedrop and massgransport free) ORR activity of carbsnpported Piased
catalyst.Theconsidered electrolyte and ca&hvironments, from fully liquidRDE), to a liquid
gas miXGDEjand finaly to fully-hydratedpolymer-gasinterface possibly in presence of liquid
water (DC)lead to different masgransport mechanisms for the protons, oxygen and water.
Three commercial catalysts were compared, which are all very popular in the PEMFC
community, and theirintrinsic activities are summarized in Tablef@& each experimental
setupconsidered (RDE, GDE and.DC)

Table3: Recap chart of all mass (top of the cell) and specific (bottom of the cell) activities for each
catalystand each experimental setum the whole range of studied potentials

In each setup, lovioaded electrodesvere targeted(20 pg: cnt?), to limit as much as
possibleor ideally suppress the massnsport limitation in the thicknessf the active layer,
which should ease the measurement of the materialfinsic activityORR activityA similar
active layer production process was used for the GDE antb®oid any active layer effect
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and prevent experimental discrepancies not related to the cataliself: the same spray
techniquewas used for theactive layerselaboration,with the sameink formulation recipe

and protoco) to have the samearticle dispersion, distribution of protonic conducting
ionomer in the active layer and the most adapted processafyst coated backing for GDE
and hottransfer on membrane for DCJhe results obtained showed that each setup has its
own peculiarities (advantages and drawbacks), and these may depend on the nature of the
catalysts investigated.

The hydrophobicity of the catalyst is an important parameter to be considered, as it
strongly influencests interactions with the environment, in particular in presence of liquid
electrolyte. This is mainly observed for the interaction of Pt/GC within the RDE liquid
electrolyte configurationthe ECSA determinatiastrickier for Pt/GC tharfor the two Vulcan
XC72supported catalystgnot same value for CO andgflIECSASs in RDE), because aggregates
of Pt/GC + ionomer may be surroundedt not intruded by liquid waterleading to smaller
than expected ECSA in liquid electrolyte (especially in RDE and to some exteteREgct
is also somewhat detrimental in DC, the geometric ORR current density being smaller than
expected, owing to difficulties for£o reach thecore of these aggregates, hence depreciating
the measured mass activity

The high gas flows used to remove all traces of oxygen from the cathode side gdghe
diffusion electrodes (GDE and DiG)prevent any oxygen reduction current far clean
integration of the Hyd region implies a thermodynamical displacement of the equilibrium
potential of the HOR/HERhe activity of protons and hydrogen is not the same in the gas
ionomer phase than in liquidiectrolyteionomer phase) leading to highr hydrogen
evolution reaction current at similar electrode potentiak(RHE) / cell voltagaround 130
mV, compared to 50 mVs RHE in the case of a RIDE a result of this, the CV to measure
Hupa iIn GDE and DC must be plotted with a more positive valudlee lower vertex potential
than in RDE (otherwise, the CV is significantly bidseHER/HOR currents), which renders
veryquestionablethe ECSA determinatiofat the higher lowvertex potential in GDE and DC,
one is not sure to complete theyfd layer) So, the lhp methodology may underestimate the
ECSA measured in GDE and@®@stripping gives a much more reproducible ECSA evaluation
between RDE and GDE, but is usually awkward in DC (and was not performed here). In the
end, it was chosen to evaluatihe ECSA of the three catalysts by-€&fpping(RDE and GDE)
andHupd at 50 mV 3 (DC) choices which are believed to be tHesser incorrectto establish
a fair comparisomf these materials in this study.

The current densities with respect to the geometric and specific surfaces were studied on
the relevant range of potentials for tieRDE, GDE and DC setups. Because each setup comes
with its advantages and drawbacks, the range of potentials where the measuits can be
performed may vary from one setup to the other.

x RDE. The asstransport kinetics of oxygen is much slower in liquid electrolyte, due to
the small solubility and diffusivity of oxygen in the liquid electralyithis prevents any
measurement othe ORR activity below 0.85w RHE in RDE, because the current
density is fully masgansport limited and cannot be corrected. So RDE measurements
of the ORR activity are only viable in the range 0.8®5 Ws RHE.
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x GDE. HavingL@as that can diffuséom the back side of the GDE (the front side being
in contact with the liquid electrolyte) enables to promote much faster resmssport in
the GDE than in the RDE case. ORR kinetics can be more reliably measured in the full
range ofrelevant potential of a PEMFC cathode: 0®95 Ws RHE. However, flooding
of the active layer might still occur, especially at large current densities.

x DC. The DC is hindered by the unavoidableréksover, that results in smaller OCV than
in the two previous setups and prevents reliable measurements of the ORR activities
above 0.9 Ws RHE. However, below this potential/cell voltage value, the mass
transport is faster than in the previous cask=ading to (usually) better performance,
especially at very high current densities/low cell voltage/cathode potential.

Following the work of Lgt al. [7], it was feared that the improvement factor observed in
RDHor the PtCo/VC electrocatalystq. 1.5-2 over the Pt/XC72 electrocatalystas expected
to fall down to lower extent itGDE and especially in DC. However, the results presented here
showed that an even higher improvement factor is observed for the two latter experimental
setups respectively 3and 4 in average on the potential range of ROmBis shows that the
disappointirg results shown by Lat al. (coming from many groups on the planet), REMFC
performance being largely lower than anticipated from the RDE predictions, are not explained
by the fact the RDE measures an artificiallyh intrinsic activity that is not reproduced in
PBVIFC, but rather that the worse performances in PEMFC originate from electrode effects
and not to catalysts effecHerein, by using on purpose very keaded Ptbased active layers,
full hydration and high ©stoichiometries in GDE and DC, the maaasport issues that are
usual in real PEMFC conditions (frofmaHd/or G transport) are not so encountered, and the
intrinsic activity of the catalysts can be measured appropriately. This leaves hope that, with
proper PEMFC electrode engineering, advanced ORR catalysts will be successfully used in
PEMFC cathodes.

4. Conclusion

Thiswork comparel the Rotating Disk Electrod®DE)the Gas Diffusion Electrode (GDE)
and the Differential Ce(IDC) to measure the intrinsic (ohrdcop and massgransport free)
ORR activity of popular carbaupported Ptbased catalyst. Thdifferencesin specific and
mass activities observed arelated to the fundamental nature of each setup. On the one
hand, tre RDEenables highcleamess in the measurements and operation with minimal
amounts of catalyst materiabut is very limited by masgsransport, leading to a partial
determination of the intrinsic activities of the catalyst anrestricted part ofthe studed
potential range but much appropriate fohigh electrode potential<On the other handiGDE
is less clean than RDE but much more than DC and is less limited byanapsrtthan RDE
enabling the study to lower potential, accessing the range of @steior PEMFC function (0.85
to 0.6V).For the DC, although is limited bythe hydrogen crossover anfpossibly)short-
circuit currensand suffers from a low cleanlingsshich renders difficulhigh ORRpotential
measurementsit works in highstoichiometry conditionsthe pressure can be regulated to
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have better water removahnd is more adapted for low cell voltage operati@u, all these
systems have their own advantages and drawbacks.

They all enable a eaningful comparison of statef-the-art carbonsupported Pthased
catalyss, and the study shows that thenprovement factos observed in RDE are essentially
maintained in GDE and DC, at least if the gas diffusion electfodedyst layers) are prepared
in the same way.

Finally, his stud/ highlighsthe possibility tacomparethe results obtainedn RDE to those
obtained in GDE and DC, at least until 0.8 V vs, Rig&rdless of the naturef the catalyst
considered (within the ones studies hereifhe GDE appears as a nice intermediata
betweenthe RDE and DC, enabling high current density measurements with low platinum
loading and withoutrequiring the use of important amounts of catalyst powder or of a
complex and costly lab auxiliary as the one needed for DC tests. However, it remains to study
the possibility of carrying out measurements at higher temperature. Finally, the DC is a very
useful tool to investigate more in detail all the issue related to the integration of complex
catalysts such as the ink formulation and its effect on the electrode performarices
therefore a nice complement to the RDE and GDHailor active layers/electrodes for
practical applications.
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