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ABSTRACT

To improve Proton Exchange Membrane Fuel Cells (PEM it is necessary to understand the
phenomena occurring in operating conditions. Thgatlve of this study is to determine how carbon
support architecture can impact PEMFC performangagicularly diffusive limitations. In this contgxas
they have a controllable texture, carbon aerogelewsed as catalyst supports in PEM fuel cellochb.
Three carbon aerogels with different morphologieseasynthesized. Fuel cell measurements showhbat t
carbon support architecture has a significant inpacdiffusive limitations. Moreover, they confirthat
Nafion® loading must be optimized in order to preservedaalytic layers architecture. This work finally
highlights the impact of the catalytic layers atebiure on the PEMFC performances.

1. INTRODUCTION

Proton Exchange Membrane Fuel Cells (PEMFC) haven bgtudied for many years. These
researches have cost reduction as a main objedtiverder to make PEMFC competitive. Reducing the
costs mostly implies both diminishing the platingomantity required for the oxygen reduction reactin
the cathode and increasing its activity. For thressons, researches are devoted to the developfieaty
electrocatalysts and to the understanding of tlemimena occurring in fuel cells.

Nowadays, state-of-the-art PEMFC electrodes sup@og made of carbon blacks. However, these
carbons (and as a consequence the catalytic layensdt have a controlled texture. As a resulis kard to
understand the diffusive phenomena limiting theteteehemical performances. By contrast, carbongedso
present a controllable texture [1,2,3] and are thudable PEMFC electrodes catalysts supports: they
conduct electrons and are permeable to reactarsg&arbon aerogels have already been used in PEMFC
electrodes [4,5] but the particle size and the mize distribution effects on gas diffusion haveerebeen
optimised [6]. In addition, the impact of Naffooading with this kind of materials was only evated
towards the oxygen reduction reaction studied idicided 3-electrode cell in the presence of liquid
electrolyte, but not in a Membrane Electrode AsdgnillEA) [7]. The objective of this study is thus t
identify the main parameters influencing diffusiimitations in a MEA. For that purpose, the impaét
Nafion® loading was measured for a single carbon aerogepmology. In addition, three very different
carbon aerogels morphologies were synthesized dadetl” with platinum to confirm the role of the Pt
catalyst support on the ORR kinetics and utilizafiactor of the Pt.

2. EXPERIMENTAL

2.1 Carbon aerogel synthesis

Three carbon aerogels were prepared following Iaekamethod [8]. Gels are obtained by
polycondensation of resorcinol (R) with formaldeby(F) (with a molar ratio F/R=2) and water in the
presence of N&GO; (C). To obtain three different morphologies (see Tal)levé have varied the reagents
molar ratio (R/C) and the mass fraction of reagamtihe sol (%solid defined as grme+me)/My,0*100).
R/C and %solid respectively affect the particlezesand aerogels density. After gelation, the gedsew
placed in successive acetone baths during one feeakkchanging water filling the pores of the gdlbe



gels were then dried under g8upercritical conditions [9, 10pfterwards, the dry organic aerogels were
pyrolyzed at 1050°C during 30 minutes under a géroflow (5 L/min), thus yielding carbon aerogels.

2.2 Catalyst preparation

Carbon aerogels are first ground to obtain fine gierw Powder samples are then suspended in a
H,PtCk water solution with a platinum concentration d @/L and a mass ratio Pt/(Pt+C) equal to 35 wt%
(final targeted mass ratio Pt/(Pt+C) is 30 wt%)teAf24 h of magnetic stirring, the reducing ageaBN, is
added in the suspension as an aqueous solutioiM(0.8aBH, is added in large excess during 24 h under
magnetic stirring thus ensuring complete platinatt seduction. Pt-doped carbon aerogel powder és th
washed several times with boiling water, filtered @ried at 100°C for one night. The dry powderaoi#d
is placed in a tubular quartz furnace to undergomtial treatment. Should platinum salt remain on the
carbon surface upon this treatment, we first deasag it at 350°C under nitrogen flow for 30 minuaesl
then achieved its reduction by changing nitrogemytdrogen for 30 minutes. The system cooling occurs
under a nitrogen flow.

However, despite this procedure, the Pt/C catalgbtained did not present exactly the expected
Pt/(Pt+C) mass ratio (see Table 1 and Table 2). grbeedure was repeated and presented reproducible
results. So the low platinum loading of C must be tb carbon geometry that is not adapted.

2.3 Catalyst and carbon aerogel characterization

Carbon aerogels were characterized by Sdrption and Hg porosimetry. ,Norption enables
measuring the BET surface areag$ and characterizing the microporous (pores smaflen 2 nm) and
mesoporous volume (pores smaller than 50 nm) whdeporosimetry characterizes the volume of pores
larger than 7.5 nm, thus giving information on thacroporous volume.

Transmission Electron Microscopy (TEM) allowedtasvaluate the distribution and the size of the
platinum particles in the catalysts.

2.4 MEA preparation

Membrane-Electrode Assemblies (MEA) are realizethwihe decal method [11]. The cathode
catalyst ink is prepared by magnetically stirrirtedBped carbon aerogel powder, 0.3 wt%-Nalisnlution
(dilution with deionized water of DE 1020, lon Paviec) and deionized water. In the study of thduiehce
of the carbon aerogel architecture, all the MEAehawconstant NafiSiicarbon mass ratio (N/C) equal to 1.
On one of the studied architectures, the N&fitoading was varied to evaluate its impact on thEAV
performances. The corresponding amount of catafsis then sprayed on a Kapfbsheet in order to
obtain a cathodic Pt loading in the MEA of 0.5 nm?qthe cathode has a 50 cm? active geometric sirfa
area). The Kaptdhsheet is then hot pressed on a N&fibii12 membrane with a commercial anode from
PAXITECH. MEA are finally obtained by hot-pressirg,commercial GDL and cell gaskets, in a second
step.

2.5. Fuel cell tests

Experiments are conducted on a homemade monostlbémch [11]. The fuel cells performances
are evaluated at operating cell temperature of 7Z8%€ pressure of 1.3 bar. Hydrogen and air are ased
reactant gases with a respective stoichiometry aid®2.5. The relative humidity is kept at 100 %Hoth
gases. A minimum flow rate is applied for the irdases when cell intensity is lower than 12 A: Bthrfor
air and 10 nL/h for hydrogen. The cell is electiticaontrolled using a potentiostat (Bio-Logic, HEB3).

Each new MEA is submitted to a start-up procedimgroving slowly the performance until
stabilization. Experimental Ui plots are determinmd fixing the voltage (for increasing and decregsi
voltages) and measuring the intensity. For eacbdfixoltage, the intensity is determined as theameenf
the two experimental values obtained while incregsor decreasing the voltage and after 5 min
stabilization.

Impedance spectroscopy and cyclic voltammetry aesl o determine the MEA ohmic resistance
and the active surface area of platinum.drbssover current density has also been measpmyliray a
voltage of 0.5V at the Nfed electrode and measuring the oxidation curitiet,other electrode still being
fed with H.



3. RESULTS & DISCUSSION

3.1 Carbon aerogels texture and catalysts charactistics
Carbon aerogels characteristics and Pt loadingseated in Table 1.

Table 1. Carbon aerogels and catalysts charadtsrist

SBZET V(0-23 nm) Vig vy mg/lseoa;)r:)re
sample| gs0lid | R/C (PI::/C) (m¥)| (cm0) \(/((:2;'35/“) (cm¥g) | (cm¥g)| diameter
+5 | £001| ™9 | 05| o1 | (m)
£2
A 5 |200] 31| e49| o020 011 NA| NA 26
B 10 |200] 31 | s546| 024 o010 43d 47 27
C 10 | 50| 22 | 45| o019] NA| o065 o8 8

V0-2 nmrefers to the microporous volume calculated fronbiDin-Radushkevich equation.\ 5 nm
refers to the mesoporous volume of pores compiigddleen 2 and 7.5 nm and is evaluated thanks,to N
sorption. {4 corresponds to the volume of mercury introducednduHg porosimetry. Vis the total pore
volume and is calculated as follows;2W .2 nmy+ V(2-7.5 nmjt Vhg-

The synthesis led to samples with an increasimggitie A and B present a pore size distribution
with different scales (microporous, mesoporous madroporous) with a lower BET surface area for Bs C
mesoporous with few micropores leading to a lowéaltpore volume than B.

The TEM micrographs (Figure 1) of the three cati@\yshow that platinum is quite well spread on
the different carbon aerogels whateveggrSHowever, platinum aggregates can be distinguigiaeticularly
on B/31 and C/22, which is probably related to tb@uction process with NaBHCatalysts are labeled as
follows: Carbon aerogel/(Pt/(Pt+C)).

Figure 1. TEM micrographs of catalysts A/31 (a)3B(b) and C/22 (c)

3.2 Nafion loading impact on cell performances

To complete a recent study [7], we chose the cadewsagel morphology B to evaluate the influence
of Nafion® loading. Nafioff/Carbon mass ratio (N/C) was chosen as 0.5, 1 aBt@ drawback of the decal
method is a loss of catalytic ink by removing thepkor? sheet. Consequently, the MEA did not all have the
expected cathodic Pt loading (0.5 mg/cm?).



The characteristics of our MEA are reported in €ahl $, refers to the active platinum surface area
at the cathode and r is the resistance of the M. discrepancy between the different resistanheesgds
probably due to the different thicknesses of thalgtc layers and to the insulating propertiesNafion®.

Table 2. MEA characterization

Pt .
2
(Pt+C) (mg/cm?) (Mm2/gey) | (M) | (MA) (mV/dec)
Bl 10 200 31 0.19 | 05 18.5 3.7 131 -114
B2 10 200 31 0.49 1 12.3 6.2 85 -96
B3 10 200 26 0.45 2 4.2 7.0 129 -176

The polarization curves are presented in Figuréh2. best performances are obtained with N/C=1
(mass ratio). The performances are quite simildin WiC equal to 0.5 but slightly decrease at higirent
density. For N/C=2, the cell voltage decreaseskguiavhen the current density increases.

E (V)
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i (mA/cm?2)

Figure 2. Cell voltage vs. experimental currentsityrfor B1 (N/C=0.5) ), B2 (N/C=1) @) and B3
(N/C=2) (A).

The MEA performances are analyzed by separatiaglifierent contributions to losses. It is well
known that the thermodynamic reversible cell pagns diminished by (i) activation lossegokgr) due to
limited O, reduction kinetics, (ii) ohmic lossesotr) due to membrane and catalytic layers resistalorea
with contact quality between the different elemeottghe cell, (iii) diffusive lossesn(i) due to limited
gases and water diffusion in the electrodes.

In such systems, activation and diffusion lossethe anode are neglected [6, 12]. Gasteiger et al.
[12] have elaborated a methodology to evaluateetdéd@ferent contributions.
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Figure 3. Activation losses (a), ohmic losses (i1 diffusive losses (c) @1 (N/C=0.5) @), B2 (N/C=1)
(m) and B3 (N/C=2) &).

Figure 3 represents the different contributiongosses for MEA with different Nafidhloadings.
The lowest activation losses (Figure 3a) are obthiwith N/C=1 (B2). When N/C=0.5 (B1), activation
losses are more important in spite of a highevagilatinum surface area (Table 2). This is due fack of
Nafion®, which leads to a poor ionic conductivity as eipa by Passalacqua et al. [13]. When Ndfian
in excess (N/C=2, B3), platinum particles are iased, which is confirmed by a low active platinumface
area (Table 2).

As explained above, different thicknesses of gtitalayers explain such ohmic losses (Figure 3b).
Regarding diffusive losses (Figure 3c), an excédsadion® greatly affects gas diffusion. Guilminot et al.
[14] demonstrated that NafiBr(in aqueous solution) increases diffusive lossedeed, when there is too
much Nafioff, the Nafioff layer is certainly thicker (it can ultimately colefely fill the pores of the active
layer), which probably hinders,@iffusion to the reaction sites and diminishes d¢kerall ORR kinetics.
This is particularly the case for B3.

Although interesting, these results must howewecdnfirmed since B1 has a lower Pt loading than
B2 and B3. Therefore, we cannot rule out that tifler@nces of performances we monitored origin from
different Pt loading and not to different Naffoloading.



3.3 Influence of carbon aerogel architecture on cgperformances

As previously explained, it is difficult to obtathe expected cathodic Pt loading (0.5 mg/cm?). The
characteristics of the MEA are presented in TableC8nsidering the first parametersp(8&nd r), the
performances of A* and C* appear quite similar. Hdeer, there is a discrepancy between the Tafekslop
values. B* exhibits a higher resistance and a laetive platinum surface area.

Table 3. MEA characterization

sample | ogsolid | Ric | | T2 | " | leossover|  Tafel slope
(Pt+C) (mg/cm?) (Mm3/gey) | (M) | (MA) (mV/dec)
A* 5 200 31 0.49 1 254 4.1 102 -101
B* 10 200 31 0.49 1 12.3 6.2 85 -96
c* 10 50 22 0.43 1 25.5 4.3 168 -192

* Texture of A, B and C used for catalytic layer

The polarization curves, presented in Figure deakthat the best performances are obtained with
aerogel A*. It must be reminded that all MEAs hdez=n made and tested in exactly the same conditions
So the differences observed are likely not duéhéodightly different Pt loadings but most probataythe
type of aerogels used or better interfaces.
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Figure 4. Cell voltage vs. experimental currentsitgrfor A* (@), C* (m) and B* (A).

Figure 5 represents the different contributionsosses for the three MEA. As expected from the
MEA resistance values (Table 3), the ohmic losBé&sufe 5b) are equivalent for A* and C*. As thes&M
can only be differentiated by the aerogel usedhatdathode and the two carbon aerogels have a very
different texture, this result could mean that tda&bon aerogel texture does not significantly dftbe
catalytic layer resistance.



So, the most interesting results are activatiamsds (Figure 5a) and diffusive losses (Figure 5c).
Surprisingly, C* presents more important activatioases than A* whereas both MEA have almost the
same active platinum surface area. Besides, Thfpes are not in the same range (Tafel slopes ofsC*
nearly twice as high as others Tafel slopes). Nigyat al. [15] showed (in PEMFC) that uncorrected
mass-transport hindrance yields to higher (andIpatafined) ORR Tafel slopes. This must be the ase
C* as its pores are very small. Concerning A* arfidtBe differences of activation losses must be dua
difference of active platinum surface area.
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Figure 5. Activation losses (a), Ohmic losses (i) diffusive losses (c) &&* (®),B* (A) and C* @).

Analyzing the diffusive losses (Figure 5c¢), we camclude that the carbon aerogels texture greatly
affects the performances. The smaller the poreshiffher the diffusive losses. That is the caseCforthe
pores of which measure less than 30 nm (Hg pordsymesults); such small pore size hinders gasusiifin
to the reaction sites. Small pores are indeed knowre detrimental in MEA as described by Uchidalet
[16], who showed that Nafi6hcould not penetrate in pores smaller than 40 nmrelver, small pores
could slow down gases diffusion and are floodedarmuickly, the latter phenomena also affecting gas
diffusion. The differences between A* and B* caneb@lained by the smaller macroporous volume of B*.
Comparing the synthesis parameters (%solid and,R¥€)can conclude that the best results are olataine
with the highest R/C ratio (R/C=200) and the low¥solid (%solid=5). The R/C ratio affects the carbo



aerogel particles size: when R/C is low, the numifelittle particles increases; when R/C is highe t
particles growth is facilitated [3]. The percentagfesolid affects the aerogel density and mesopsizs
when %solid diminishes, the aerogel density deeeasd bigger mesopores are produced [1]. In supmar
the performances of carbon aerogel supported naticdpa seem to be enhanced for large aerogelchesti
containing large mesopores.

5. CONCLUSIONS

This study enabled us to highlight the impact leé tatalytic layers architecture on the PEMFC
performances. Carbon support texture plays an itapbrole in the final performances of PEMFC. By
varying the synthesis parameters of carbon aerogelsshowed that these parameters affect their
performances and that the carbon support texturs bicontrolled. Further investigations will beeded
to determine the optimal synthesis parameters. We demonstrated that Nafidrloading must be
optimized when carbon aerogels are used. Invegiigatare in progress to confirm these results tand
enlarge the panel of carbon aerogel morphologied Nafior® loading in order to improve the
understanding of the relations between architecneperformances.
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