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ABSTRACT

Carbon xerogels have been used to replace carlawk lals catalyst support at the cathode of proton
exchange membrane (PEM) fuel cells in order to ebs® the mass transport limitations in this eldetro
Carbon xerogels are very clean nanostructured narhgth well-defined pore texture, which allows for
better reactant/product diffusion. Pt/carbon xefagéalysts with high metal dispersion (nanopagsch. 2

nm in size) and high metal content (~ 25 wt.%) lbarengineeredia rational synthesis methods such as the
‘Strong Electrostatic Adsorption’ technique. Thesukks show that choosing correctly the average pore
texture of the carbon xerogel allows for minimizitng diffusion overpotential of the.fir cell. However,
the catalyst characterization indicates that thesgmce of chlorine, coming from,PtCk, induces a
dramatic decrease of the Pt utilization ratio ie final PEMFC catalytic layer. To remove chloriree,
reduction of the catalyst at 450°C, at least, isegeary.

1. INTRODUCTION

The catalytic layer configuration is a key-elemanthe design of PEM fuel cells [1]. Indeed, besidee
characteristics of the chosen catalyst (compositioystallographic structure, dispersion, connétstiwith
the membrane, etc.), the structure of the catalgijer itself affects the mass transfer phenomenthé
electrodes as well as their intrinsic reactivity. [Ro reach high performance, reactants and predsiubuld
be able to circulate easily through the cataldigels: (i) the catalyst must be accessible to #sergactant,
through the percolating porous structure of thalgtt layer; (ii) protons and electrons need tacbbected
by the ionomer and the catalyst support, respdgtiaad driven to the membrane (protons) and thesati
collector (electrons) [2]. Thus, the optimisatidnaass transfer inside the electrodes is one ofdteseen
ways to increase fuel cell performances [1].

Carbon blacks, commonly used for the preparatiothefcatalysts, are formed of primary carbon pladic
(~50 nm) assembled together as agglomerates (D a0 [3]. The pore structure of the catalytic laye
strongly depends on the packing of these aggloe®rais a consequence, the choice of the carbok blac
used as well as the electrode processing influémeenass transport phenomena. Typically, at théedir
cathode, where the transport of oxygen, protonsveaigr are involved in the oxygen reduction reaxctio
(ORR), high potential losses due to diffusion leiibns offset the cell performance. To cope witts th
problem, PEM fuel cell designers generally use lgsta with very high platinum loadings (50 wt.% and
more), which enables one to prepare thin catalgtiers with acceptable diffusion-induced potentiakes.
However, reducing the Pt loading of PEMFC electsoideone of the requirements to reach commercially
viable PEMFCs.

This major drawback calls for the development of marbon materials with controllable and tunableepo
texture. In addition, and especially for electrauiwl applications, high purity of the carbon suppads
also essential [4]. The goal of the present wortk idesign new Pt/C catalysts using a support adtipted
pore structure. Recently, it was envisaged to oeplearbon blacks by carbon gel® synthetic porous
carbons. In particular, carbon xerogels preparedebsgporative drying and pyrolysis of resorcinol-
formaldehyde aqueous gels [5, 6] proved to beiefiicas catalyst and electrocatalyst supports [THglse
materials are very clean nanostructured carbortsweéll defined pore size, which is easily tunaldeeen

a few nm and a few um. This pore texture allowsbetter fluid diffusion in catalyzed processes [Ife
present paper aims at showing the advantages bbrcayels as electrocatalyst supports for PEM fedl c
electrodes.



2. EXPERIMENTAL

2.1.Catalyst preparation

Carbon supports were synthesized by the dryingmmdlysis of resorcinol-formaldehyde aqueous gels,
following a procedure developed in a previous stiidyThe procedure consists of the polycondensatio
resorcinol (R) with formaldehyde (F) in a solvemtafer), followed by evaporative drying and pyro$ysi
Globally, the pore texture of the final carboniietl by the pH of the solution, which is adjustgoaolding

a basification agent, usually sodium carbonate [€)most works dealing with RF carbon gels, the pH
adjustment is reported through the resorcinol/sodoarbonate molar rati&/C. In the present worky/C
was chosen equal to 750, 1000 and 2000 while &krosynthesis variables (from gel preparation to
pyrolysis conditions) were kept identical as in #i®mve-mentioned study. In brief, resorcinol andism
carbonate were solubilized in water, prior to folseftyde addition. Gelation and ageing were perforate
85°C (72 h), followed by evaporative drying (60-1601 day) and pyrolysis (800°C, 2 h) under nitroge
flow.

Fig. 1 shows the evolution of the pore texture afbon xerogels witlR/C. Scanning electron microscopy
(SEM) micrographs of carbon xerogels presentingeex¢ morphologies are shown on Fig. 1a and 1b.
Carbon xerogels are materials composed of inteexied spherical-like microporous nodules. So, they
classically display a bimodal pore size distribatinicropores inside the carbon nodules, and lgpgess
identified as the voids located between the nodile§]. The size of the nodules and that of thelsan-
between is controlled by the synthesis conditiohshe pristine gel, and particularly by the pH bkt
precursors’ solution [5, 6]. Fig. 1c reports thesogore size distribution of three carbon xerogetpared
and tested in this study: the average meso/macaeagppe is ota. 30 nm R/C = 750), 60 nmR/C = 1000)
and 200 nm R/C = 1000). The meso/macropore volume increases Rith (1.3, 2.1 and 2.2 cmd'y
respectively), while the volume of micropores remsanearly constant (~0.26 cm®)g This micropore
volume corresponds to a specific surface area@fita®50 m? g.

Pt/carbon xerogel catalysts were obtaimedthe ‘Strong Electrostatic adsorption’ (SEA) methdd]. This
method consists of maximizing the electrostatierattions between the metal precursor and the suppo
adjusting the pH of the slurry to the adequate ejathe latter depending on the surface chemistithef
carbon and on the precursor chosen. Indeed, int@nabetween the support and the metal precursor
depends on both the precursor nature (anion asrgatize, etc.) and on the carbon surface chenjisbly
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Figure 1. Morphology of carbon xerogels. SEM migaphs of carbon xerogels prepare®/& = 500 (pH
~ 6.5) (a) andR/C = = (pH ~ 4.0),i.e. without basification agent (b). Meso/macroporessiz
distribution of carbon xerogels preparedR4E = 750 (A), 1000 @) and 2000 #), determined
by mercury porosimetry.



At pH values lower than the Point of Zero Chargé(R i.e. the pH at which the surface is neutral in terms
of charge, the surface is positively charged, &edadsorption of anions is favoured. At pH higtemt the
PZC, the surface is negatively charged, and therptien of cations is enhanced. However, the metal
uptake is limited by steric and repulsive effedi8][ As a consequence, depending on the suppantistrg
and metal precursor, one can define a pH windodihggto a maximum uptake of metal. In a previouskwo
[11], it was shown that the initial pH leading teethighest Pt uptake is equal to 2.5 (final pHaafildrium

~ 3.0) for the impregnation of carbon xerogels whhPtClk aqueous solutions (1000 pgjn the
corresponding maximum weight percentage per im@&gm step ranges from 8 to 10 wt.% [11]. In that
frame, the Pt/carbon xerogels were elaboratadthe SEA method, as fully described in referende [9
Briefly, the carbon support was contacted with ithpregnation solution (#PtCk aqueous solution, 1000
ppnby) at the optimal pH value of 2.5 until the equilibn was reached. The impregnated catalyst was then
filtered, dried and reduced under flowing hydrog@®0°C, 1 h). In order to increase the Pt weight
percentage up to acceptable values for electrodanaipplications, this impregnation-drying-reduatio
cycle was repeated up to three times using the saigmal catalyst batch. Note also that variousafi
reduction temperatures (200, 350 and 450°C aftetast impregnation cycle) were tested.

2.2.Catalyst characterization

2.2.1.Physico-chemical characterization

The pore texture of the carbon supports were cleniaed by classical methods, such as nitrogen
adsorption-desorption and mercury porosimetry. €hteshniques give access to the specific surfaes, ar
the pore volume (micropores < 2 nm, mesopores latveand 50 nm and macropores > 50 nm) and pore
size distribution. The methods for obtaining theeptexture characteristics of carbon xerogels aly f
described elsewhere [5, 6].

The catalysts were characterized using several leongmtary techniques. The Pt content was evaluated
ICP-AES after elimination of the carbon and solishilion of the metal [12]. The size of the metattipbes
was investigated by transmission electron microgddEM), with a Jeol 2010 (200 kV) device (LaB
filament). The samples were crushed and dispersethanol and subsequently deposited onto a capjoker
baring a lacey carbon membrane. Particle sizeildigions were obtained by image analyses perforomea

set of at least 1000 particles, as described in TBe samples were analyzed by X-ray photoelectron
spectroscopy (XPS), performed on an SSI-X-prob&{$3/206) spectrometer from Fisons [9].

2.2.2.Electrochemical characterization

All electrochemical measurements were carried ausulphuric acid (1 M) at 25°C. The voltammetric
experiments were performed using an Autolab-PGSTAp@tentiostat with a three-electrode cell and a
saturated calomel electrode (SCE) as a refereectretdle (+0.245 Ws. normal hydrogen electrode, NHE).
The catalyst sample was deposited on a rotating elisctrode (EDT 101, Tacussel), used as working
electrode. All details, from sample preparationet@erimental conditions, are extensively descrilred
reference [9].

The electrochemically active Pt surface area of damlysts,So.syip Was determined by CO stripping,
assuming that the electrooxidation of a G@onolayer requires 420C per cm of Pt. Since CO stripping
Is performed in aqueous electrolyte, it implies %0Qtilization of the Pt surface atoms and is inficed
neither by contact problems between the metal &edetectrolyte nor by mass-transport limitations. |
addition, the electrooxidation of a ggmonolayer is a structure-sensitive reaction amdiges a wealth of
information on the particle size distribution are tpresence/absence of particle agglomeration13p,
The CO stripping voltammograms were recorded & ¥.@" between +0.045 and +1.245W. NHE, after
saturation of the electrolyte by CO (6 min bubb)iagd removal of the non-adsorbed CO from the lmell
purging with Ar (39 min).

The electrocatalytic activity for the ORR of thalebrated Pt/C nanoparticles was measured-isa@irated
liquid electrolyte. The quasi-steady-state voltargrams were recorded at1¥ s* from +1.095 to +0.245



V vs. NHE. To account for the reactants diffusion-corigec in the liquid layer, the experiment was
repeated at four RDE rotation speeds (42, 94, h682&2 rad ) [14]. The results are reported in terms of
(i) Tafel slope,b, and (ii) specific activity at 0.90 Vs. NHE, SAq. This potential corresponds to 0.34 V
ORR overpotential in 1 M sulphuric acid, a valuassically monitored in a PEMFC cathode at low autrre

densitiesj.e. under kinetic control.

2.2.3.Fuel cell test

The catalysts were tested as PEM fuel cell cathedtalytic layers on a unit cell-test bench: 50 cm?
Membrane-Electrode Assemblies (MEASs) were prepasethe decal method as described in reference [8].
The electrolyte was a NafiSrmembrane, and the anode a commercial anode mawteFft-doped carbon
black (40 wt.%, TKK) deposited by Paxitech ontoaabon felt (0.6 mg cm? mixed with Nafiorf). The
thickness of the cathode was kept constant by kgegdnstant the carbon mass in the catalytic |ayee.
Nafion®/carbon mass ratio of the ink used to prepare tE&\&Mwas fixed at 0.5. After a standardized start-
up procedure, polarization curve®. the Uy vs. current curves, were measured by setting thevolithge

at each desired value for 15 min, which ensuredsthkilization of the current. The current was nareed
either to the electrode surfagg 6r to the Pt loading of the cathodg)(

3. RESULTS AND DISCUSSION

3.1. Characteristics of the Pt/carbon xerogel catalysts

Fig. 2 shows an example of TEM micrograph and treesponding Pt particle size distribution, obtdiig
image analysis, of a Pt/carbon xerogel catalystis Ttatalyst was obtained by three consecutive
impregnation-drying-reduction cycles performed osugport with a macropore size ranging from 5050 8
nm, a specific surface area of 640 nf?amd a total pore volume of about 2.1 ci{igcluding 0.26 cm3§

of microporesj.e. pores smaller than 2 nm). The results show thagatng the impregnation with,PtCl

as Pt precursor yields to an increase of the csttadgtal content while keeping homogeneously dissgubPt
nanoparticlexa. 2 nm in size. The number of impregnation cyclessdnot modify the metal dispersion.
After three impregnation cycles, the Pt weight patage of the catalyst was equal to 22.3 wt.%. I8imi
results were found using carbon xerogels with oftame textures (smaller or larger pores, variouse po
volumes).
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Figure 2. (a) TEM micrograph of a Pt/carbon xetaggalyst and (b) particle size distribution ob&d by
image analysis. Sample prepared by SEA methodk tirigpregnation (22.3 wt.% Pt).



Table 1. Physico-chemical and electrochemical aftarization of Pt/carbon xerogel
catalysts reduced under various conditions. Thaelysts were prepareda
the SEA method (double impregnation, 15.0 wt.% 843.swip (1) andSco-stip
(7) represent the real surface area estimatedtegritting the charge required
to oxidize a CO monolayer after one/seven 8ripping, respectively.

TEM XPS CO stripping ORR
Reduction Sostrip ot
conditions ~ dv  CI/P @ b Sheo
(nm) ) (M o) (Mgy)  (Vdec) (HAcm3)
02 +10% +10% +10% +5% +5%
200°C-1h 1.8 0.33 37 69 -0.074 10
350°C-3h 1.8 0.23 61 87 -0.070 11
450°C-5h 1.8 0.07 129 142 -0.066 12

The metal dispersion observed by TEM is excelletdwever, it is noteworthy that the final reduction
temperature of the catalysts must be increased 4pQ@°C (5 h) to remove chlorine species comingftbe
metal precursor. Indeed, XPS measurements on stdatgduced under various temperature conditions
show that the Pt surface remains poisoned by ctdonihen the reduction temperature is too low [$le T
relationship between thel/Pt ratio and the Pt surface detected by CO strip@bgsuip IS linear (Fig. 3a).
This means that, due to Cl poisoning, the electroadt surface is lowered compared to that catedla
from TEM; this induces a dramatic decrease of thié merformance when the catalyst is reduced at low
temperature (Fig.3b). Note that increasing the ctddn temperature up to 450°C does not induce any
change in the Pt particle size: additional expenitmidave shown that the Pt nanoparticles begiimtersat
650°C. Note also that consecutive CO stripping mesasents can highlight the poisoning of the catalys
by Cl. Indeed, the detected Pt surface increasts the number of CO stripping procedures [9]; dinler
species are progressively removed by repetitiveorgtion/desorption processes. In addition, the CO
electrooxidation peak is shifted to more positivgentials when the reduction temperature decrej@es
This may be ascribed to the competition betweeremwand chloride species for the Pt adsorption .sites
Indeed, previous studies [15, 16] have suggestdothly a fixed number of active sites are abltoton OH
species and to initiate the CO electrooxidatioretics on the Pt surface. Competitive adsorptionCby
species decreases artificially the number of acsites and shifts both the onset and the main CO
electrooxidation peak towards positive potentials.
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Figure 3. (@) Relationship between @iéPt ratio detected by XPS and the Pt active surfacasored by
CO stripping (first measurement) for Pt/carbon gelccatalysts obtaineda the SEA method
(double impregnation, 15 wt.% Pt) and reduced @°@0for 1 h ), 350°C for 3 h{d) and
450°C for 5 h ). (b) Effect of the ClI poisoning on the performancf an H/air cell:
polarization curves at 70°C for MEAs with cathodeqessed with the same catalysts.



Oxygen Reduction Reaction (ORR) experiments peréarin rotating disk electrode show that the presenc
of chlorine has little effect on the intrinsic régity of the Pt sites. Neithdy nor SAg changes significantly
with the reduction treatment (Table 1), indicatihgt the reaction mechanism and kinetics remairsainee.

The only difference between the three samples @sattcessible Pt surface, which decreases due to ClI
poisoning when the reduction temperature is toa lawhat extent, it is interesting to note that #ites that

are not accessible in CO stripping experimentsateccessible either in ORR experiments.

3.2. Architecture and performance of cathodes designed with Pt/carbon xerogel catalysts

A catalytic layer of a typical PEM fuel cell eleatie is composed of Pt/carbon black catalyst pagicl
interparticle voids and ionomer, hot-pressed betwaegroton-exchange membrane and a diffusion layer
(carbon felt) [4]. To be active, the Pt particlesstnbe in contact with the carbon support and cotekto

the membraneia the ionomer (Nafiofy). In addition, reactants and products must citeuasily through
the catalytic layers. In practice, a large fractidrihe Pt can be inactive due to (i) a lack oftachbetween

Pt and Nafiofi, (ii) the presence of liquid water within the peref the cathode and (i) mass transport
limitations. As carbon black particles are loosblynded and packed together in aggregates, the pore
structure of the catalytic layer not only dependgtee nature of the carbon black, but also on thetrde
processing. On the contrary, the meso/macropoteref catalytic layers prepared from carbon dgels
totally independent on the electrode processingcamdbe regulated by choosing correctly the coniposi

of the pristine wet gel. In the electrode structuhe carbon black particle agglomerates are repldxy
micromonoliths of carbon gel made of covalently deth carbon nodules, which preserves the poreseldcat
in-between (Fig. 4).

Membrane-Electrode Assemblies (MEAS) were prepavitd carbon xerogels of various pore textures as
cathodic catalyst supports and tested in an gimanocell device at 70°C. The aim of these tests toa
highlight the effect of the pore texture on thefudifon overpotential. Indeed, the total voltagestssof the
cell with regard to the reversibleA®, cell voltage can be decomposed into several copmsr17]: (i) the
cathode overpotentiakjorg, due to the sluggishness of ther@duction kinetics; (ii) the ohmic losse&nm

due to the resistance of the proton migration thhothe membrane and ionomer within the electrotthes,
electronic contact resistances between the flolddiglates and the diffusion media, and the contact
between the carbon grains; (iii) the mass-trandpsges, or ‘diffusion overpotentialyx, induced by slow
O, diffusion through the diffusion layer and the dgia layer. In such systems, kinetic and massdpant
losses of the anode can be neglected [fddr was obtained from measurements at low currentitiess
i.e. from data obtained in the near-absence of masspoat limitations and ohmic resistanags,m was
obtained by measurement of the ohmic resistanteectell by impedance spectroscopy, performestu;

Carbon gel micromonolith

Membrane

+++++

Figure 4. Structure of a PEM fuel cell electrodétwgarbon xerogel as catalyst support: the catalsgier is
composed of carbon gel micromonoliths made of & 3P structure, insensitive to compression
and with a defined pore texture. The Nafioretwork and Pt particles are represented in tigéy
and black, respectively.
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Figure 5. (a) Diffusion overpotentialigx, vS. experimental current density per surface unitletteode
MEAs prepared with different carbon gel supportstte cathode: £A) mesoporous carbon
xerogel (pore size ~ 20-25 nm)>§ carbon xerogel with small macropores (pore siZ&0-85
nm), (+) carbon xerogel with large macropores (gize ~ 250-300 nm). (b) Polarization curves
at 70°C for MEAs with cathode processed with)(carbon xerogel (pore size ~ 50-85 nm), SEA
method (double impregnation, reduction underflsw at 450°C), Pt loading = 0.15 mgni?,

(%) 2Pt/carbon black (TKK, commercial electrode pregaby Paxitech), Pt loading = 0.60 gng
cm®.

Naiw Was calculated by difference. Fig. 5a shows th@ution of the diffusion overpotential with the jgor
texture of the carbon support: as the pore sizeases/x decreases, which clearly shows the impact of
the cathode architecture on the electrode perfocman

The global performance of the MEAs prepared witlcdtbon xerogel catalysts at the cathode side was
compared to that of a MEA using a commercial céi@allayer at both electrodes. In all cases, the
commercial catalyst used was made from Pt-dopdaboablack (40 wt.%, TKK), and the catalytic layers
were prepared by Paxitealia deposition onto a carbon felt (Pt loading: 0.60-negi?). In the case of
Pt/carbon xerogel catalyst, the selected suppostthe carbon with 50-85 nm pores, and the Pt Igadfn
the cathode was 0.15 mgm? Fig. 5b shows the polarization curves for the tMi&As: the global
performance of the MEA prepared with the Pt/carbxenogel catalyst remains lower than that of the
commercial electrode. However, since the cathodi@lgtic layer prepared with the Pt/carbon xerogel
catalyst contains much less Pt (0.15-n0gi?), the current should be normalized to the masBtadn the
cathode j(,) to compare the mass activity of the catalystd, thas the utilization ratio of the precious metal.
The results (not shown) indicate that both ele@sodisplay quite similar performances in the stedal
‘kinetic’ region §m < 1 kA g%), where the mass-transport limitations are negjkégiAs a consequence, the
intrinsic mass activities of the Pt nanoparticleshiese two electrodes are close, which point®tdramatic
difference in the morphology of the Pt particles ®e contrary, in the mass-transport controllegiare (.,

> 1 kA g-{%), the Pt utilization is clearly higher in the cadehe SEA catalyst supported on carbon xerogel.
Such performance enhancement can be attributdjlttee(decrease of mass transport limitations dindo(

the improvement of Pt-NafiShcontact, both inherent to the carbon texture.

4. CONCLUSION

Carbon xerogels are nanostructured carbon matepi@pared by evaporative drying and pyrolysis of
resorcinol-formaldehyde aqueous gels. These vesanclcarbon materials can advantageously replace
carbon blacks as catalyst support for PEM fuel cathode, because their pore texture can be regusat

as to minimize mass transfer limitations within daalytic layer. The pore size and void fractidrtre



catalyst support are determining in the mass temgmenomena, and both parameters can be ttiadhe
pristine gel composition and drying procedure.

Pt/carbon xerogel catalysts with high metal conteab be synthesizedia the ‘Strong Electrostatic
Adsorption’ method. By repeating the impregnatioypialy-reduction step with #PtCl as Pt precursor, it is
possible to increase the catalyst metal contertiougcceptable values (> 20 wt.%) while keeping ghhi
metal dispersion (hanoparticles of homogeneous size2 nm). However, the use of,PtCk, which is a
very classical impregnation precursor, yields poisg of the Pt catalysts by chlorine species which
quite difficult to remove completely. Even afteduetion under KHat 450°C for 5 h, Cl is still detecteth
XPS peasurements and electrochemical methods. f@senre of chlorine does not modify the intrinsic
activity of the metal: the reaction mechanism aintktics remain the same. However, the electroactive
surface of the Pt particles decreases due toatking by chlorine species; this can dramaticadiguce the
Pt utilization ratio in the PEMFC catalytic layéfhe reduction step is thus determining in the gatal
preparation.
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