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Abstract

Operating a proton exchange membrane (PEM) fuel cell at elevated temperatures (ab@)ehH3Gignificant advantages, such as reduced
CO poisoning, increased reaction rates, faster heat rejection, easier and more efficient water management and more useful waste heat. Cata
materials and membrane electrode assembly (MEA) structure must be considered to improve PEM fuel cell performance. As one of the
most important electrode design parameters, N&fioontent was optimized in the high-temperature electrodes in order to achieve high
performance. The effect of Nafircontent on the electrode performance igldir or H,/O, operation was studied under three different
operation conditions (cell temperatuf€j/anode (YoRH)/cathode (%RH)): 80/100/75, 100/70/70 and 120/35/35, all at atmospheric pressure.
Different Nafior? contents in the cathode catalyst layers, 15-40 wt%, were evaluated. For electrodes with 0:% geading, cell voltages
0f0.70, 0.68 and 0.60 V at a current density of 400 mA€mere obtained at 35 wt% Nafi€rionomer loading, when the cells were operated
at the three test conditions, respectively. Cyclic voltammetry was conducted to evaluate the electrochemical surface area. The experiment
polarization curves were analyzed by Tafel slope, catalyst activity and diffusion capability to determine the influence of tRddéafing,
mainly associated with the cathode.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction make the system more durable. However, the water uptake
and consequently proton conductivity decreases considerably
Operating high-temperature proton exchange membraneat elevated temperature and low relative humidity, leading to
(PEM) fuel cells has humerous advantages: it reduces thea large resistive loss and a reduction in cell voltage and effi-
effect of carbon monoxide poisoning of the anode from an ciency. Numerous works have been done onimproving mem-
impure hydrogen feed, provides easier heat rejection, pro-brane conductivity and other characterisfits7]. lonomem
duces more usable waste heat to increase system efficiencyorp./University of Connecticut (UConn) has reported an in-
and accelerates the electrochemical reaction kinetics. High-novative proton exchange high-temperature membrane that
temperature PEM fuel cells have increasingly received world- provides good ionic conductivity at the elevated temperatures
wide attention due to their potential use in the hydrogen econ- and under-saturated environmggj. So, in this study, the
omy. From a systems viewpoint, they are desired to be op- membrane used was the lonomem/UConn high-temperature
erated close to the atmospheric pressure to reduce systermembrane, known as NTPA membrane. The catalyst layer,
complexity by eliminating the need for an air compressor and referred to as the active layer, is the location of the electro-
chemical reactions in PEM fuel cells. The catalytic activity
* Corresponding author. Tel.: +1 860 486 6675; fax: +1 860 486 548, [Of Oxygen reductioninthe cathode is reduced, as water is lost
E-mail address: yingsong2003@yahoo.com (Y. Song). [9-11], and the reduction of mass transport losses particularly
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at high current densities becomes necegd&tly The catalyst 100/70/70 and 120/35/35, ambient pressure, which repre-
layers need to be optimized to obtain high catalytic activity, sent a near fully humidified, a moderately humidified and a
proper gas diffusion properties, as well as good chemical andlow humidified condition, respectively. The effect of Naffon
physical durability. Numerous works on catalyst layer opti- loadings, 15, 25, 35, 37 and 40 wt%, on the cell performance
mization, such as catalyst loading, ionomer content, reactantat these three different test conditions was studied and the
diffusivity and ionic and electrical conductivity, have been detailed experimental results on the influence of the N&fion
reported13,14] loadings on the cell performance werefirstreported. The elec-
As one of the critical parameters, the Nafforonomer trochemical surface area (ECA) of the electrodes with the dif-
was applied into the catalyst layer by impregnation or other ferent Nafiof? contents was investigated on the electrodes by
incorporation methods. Many related studies have been re-a cyclic voltammetry measurement. The dependence of the
ported on the effects of Nafihcontent on the electrode catalyst activity and gas diffusion on the Naffocontent was
performance/15-27] However, different researchers sug- investigated. And the cathode activation overpotential from
gested different optimal Nafihloadings in the electrodes the Tafel slope was analyzed to further understand the effect
they studied due to the catalyst tyji&—22]or pre-treatment  of the Nafioff content on the high-temperature PEM fuel cell
conditiong26,27] Even though most of the researchers pro- performance.
vided the test results based on the same commercial catalyst
20% Pt/Vulcan XC-72 supplied by E-THK5-18,20,24,25]
the electrodes providing the best cell performance and the2. Experimental
highest power density comprised different optimal Né&fion
loadings. Xu et al[26] took advantage of the ethanesulfonic 2.1. Membrane electrode assembly (MEA) preparation
acid group to make carbon catalyst-support particles pos-
sess both electronic and protonic conductivities. Fuel cell  All of the catalyst-coated membranes (CCM) were
electrodes made using the sulfonated catalyst showed a 60%repared in-house by an identical proceduf&O].
higher performance than the untreated counterpart, while thelonomem/UConn high-temperature membrane £Z5.m
optimal Nafiof® content within the catalyst layer was re- in thickness) was us€g@8]. The cathode catalyst layers were
duced by nearly half. Similarly, the surface modification of prepared by using 46.5% Pt supported on carbon catalyst
carbon supported Pt fuel cell catalysts by attachment of a(Tanaka Kikinzoku Kogyo, Tokyo, Japan) and Naffon
sulfonated silane was reportf2¥]. Optimum performances 5 wt% solution (EW1100, supplied by Solution Technology
for both types of modified catalyst were reached at a 10 wt% Inc.). Catalyst mixtures were prepared in the following
Nafior®® loading in the fuel cell catalyst layer and were sig- way: Pt/C catalyst was mixed with Nafion solution and a
nificantly better than that for an untreated standard catalystcertain amount of alcohol. After a few minutes of stirring,
with 10wt% NafiofP loading. The optimum performance the mixture was then processed by sonication for at least
of the untreated catalyst, at 30 wt% Naffotoading, was 1h. The catalyst ink was stirred again for a few minutes to
slightly better than that of the best-treated catalyst. However, avoid the solid materials settling. Then, the mixture was
these studies about NaffBoading in the electrodes did not ~ sonicated for another 1h. These two steps, stirring and
report the effect of Nafidh content on the PEM fuel cell  sonication were repeated several times until the catalyst
performance at the elevated temperatures (*0)0Most of was distributed well in the mixture. The solid materials did

the catalysts mixed with the optional Nafforwere evalu- not readily precipitate from the solvent. The anode catalyst
ated at room temperatuf#8,19,21-25pr less than 100C layers comprised two kinds of catalysts: Pt—Ru black (1:1
[15-17,20] atomic ratio) with a Nafiofi loading of 10 and 30% Pt-Ru/C

In our previous study, the quantity of Naff®rin the Pt (1:1 atomic ratio) with a Nafidh loading of 25 wt%. Both
black catalyst layer was examined to optimize the character-of these two anode catalysts were supplied by Alfa Aesar
istics of the reaction layer and to improve the cell performance (Ward Hill, MA). The loadings of precious metals were
at elevated temperature and low relative humidities under at-0.50-+ 0.05 and 0.4@& 0.05 mgcni? for the cathode and
mosphere pressuf28]. In this study, the catalyst used inthe the anode, respectively. After spraying both the cathode and
cathode catalystlayer as received was 46.7% Pt/C supplied bythe anode catalyst layers onto the membrane, the CCM was
Tanaka Kikinzoku Kogyo, Tokyo, Japan. This high surface dried at 80°C for 30 min and then hot pressed at T80
area catalyst is becoming one of the most commonly usedunder 75 psi for 3 min.
electrocatalyst for oxygen reduction in the PEM fuel cells. The gas diffusion layers (GDL) used were prepared “in-
The properties of this active catalyst, including the electro- house” using a silk-screening technig{&0]. The heat-
chemical characteristics, have been discussed, and a prelimtreated catalyst-coated membrane was “sandwiched” be-
inary test result of the NafiGhloadings at the 120C condi- tween two gas diffusion layers to obtain a 25°cMEA for
tion was presentef@9]. In this paper, the dependence of the single cell polarization and voltammetry measurements. In
cell performance on the NafiBrcontent in the cathode cata-  the single cell test fixture (Fuel Cell Technologies Inc., NM),
lyst layer was examined at three different test conditions (cell a single-serpentine pattern graphite flow field was used with
temperature®C)/anode (%RH)/cathode (%RH)): 80/100/75, an active area of 25 ctn
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2.2. Cyclic sweep voltammetry (CV) measurement pressure. Current was stepped up from zero to the maximum
test current density in increments of 10 mActfbetween
One additional diagnostic tests was used besides the po-10 and 100 mA cm? and in increments of 100 mA cm be-
larization tests. Cyclic sweep voltammetry was measured tween 100 and 2000 mA cmi. Five minutes were spent at
to determine the electrochemical surface area (ECA) of the each current density with cell voltage collected every 20s.
cathode electrodes available for reactant adsorption. A So-The average values were reported in all polarization curve
latron S11287 Potentiostat (Solartron Analytical, Houston plots and the data analysis in this paper. The maximum test
Texas) was used for these measurements. A flow rate ofcurrent density was either the maximum current limit of the
200 cn? min~? of hydrogen on the anode and 200%min—1 load box or the current density, where the cell voltage went
of nitrogen on the cathode were applied. The reference andbelow a minimum set point of 0.3 V. The cell resistance was
counter electrode leads were connected to the anode, whilemeasured and recorded using interrupt technique built into
the working electrode lead was connected to the cathode. Athe same load box with the Scribner V.3.1b Fuel Cell Soft-
sweep rate of 20 mV/g with a total of 5 cycles was used ware at the current densities higher than 100 mA€nThe
in the potential range of 0.01-0.80V for the CV. The elec- resistance values were only measured and reported at current
trochemical surface area of the cathode electrode is calcu-densities higher than 100 mA crf, because the IR voltage
lated based on the relationship between the surface area antbss in the small current range was too small to accurately
the hydrogen adsorption charge on the electrode determinedneasure.
from the CV measurement, hydrogen adsorption charge on
a smooth Pt electrode of 210 mC cAPt and the Pt loading
in the catalyst layer. The ECA of the cathode electrode was 3. Results and discussion
calculated using the following equati¢8il]:
1 The electrodes with the different Nafi®ncontents,
ECA(cn? Pty PY) 15, 25, 35, 37 and 40wt%, were prepared. All of
charge (.C cm?) these electrodes contained the same catalyst loading
=210 (.C cm2 Pt) x catalystloading (g Ptcn?) ) of 0.504+0.05mg Ptcmzl at the .c.:athode. They were
tested at three operating conditions (cell temperature
The test was done at 2&. The gases were humidified at (°C)/anode (%RH)/cathode (%RH)): 80/100/75, 100/70/70

room temperature. and 120/35/35 under ambient pressikig. 1 shows the cell
performance of these electrodes at the 80/100/75 test condi-
2.3. Cell-performance evaluation tion, when the reactants were hydrogen and air under ambient

pressure. The voltage characteristics of the electrodes with

The cell performance was evaluated by obtaining po- the different NafioR contents in the cathode catalyst lay-
larization curves at three difference test conditions (cell ers are shown ifrig. 1(a). The cell performance improved
temperatureC)/anode (%RH)/cathode (%RH)): 80/100/75, with an increase in the Nafi§hcontent from 15 to 35 wt%.
100/70/70 and 120/35/35, ambient pressure. PEM fuel cell This was expected since the application of Nafido the
was connected to a fuel cell test station (100A Model 890B electrode improves the proton transport through the entire
Scribner load box, Scribner Associates, Southern Pines, NC).catalyst layer. The ionic conductivity of such a catalyst layer
Hydrogen was used as the anode reactant and air or oxywas proportional to the volume fraction of Naffdin the
gen as the cathode reactant. All of the gases were certifiedcomposition mixturg18,32] A high cell voltage of 0.70V
99.999% pure. Constant reactant utilization conditions were was recorded at a moderate current density of 400 mA%m
used as the current was varied: 33% hydrogen utilization, when the Nafiof loading was 35 wt%. However, a signif-
25% oxygen utilization for air and 5% oxygen utilization for icant decrease in cell voltage with a little further increase
pure oxygen. Both fuel and air were externally humidified by in Nafior® content to 37 wt% was found. The cell voltages
water-bubbles in the anode and cathode saturators. The celbf the electrode with a Nafi¢hcontent of 37 wt% dropped
temperature and saturator temperatures (dew points) wereo 0.62 V. When Nafiofi was increased to 40wt% in the
calibrated for the quoted relative humidity. The temperatures cathode catalyst layer, the cell voltage decreased to as low
of the anode and cathode saturators were set at 80 &@, 73 as 0.55V at the same current density of 400 mAénThis
respectively, at the cell temperature of'&Dto obtainthe an-  behavior was due to the high Naff®rtoncentration in the
ode relative humidity of 108 2% and the cathode relative cathode catalyst layer, which then blocked the catalyst sites
humidity of 75+ 2%. When the cell temperature increased as an electronic insulator, reducing the electronic conduc-
to 100 or 120C, the temperatures of both the anode and tivity and gas permeability in the catalyst layer. The elec-
cathode saturators were set af@0n order to obtainthe rel-  trode with 2 wt% higher Nafidh content in the catalyst layer
ative humidity of 70 1% and 35k 1%, respectively. Thean-  performed about 80 mV lower at 400 mA ccompared to
ode and cathode gas line temperatures were always 86t 10 the electrode with 35wt% Nafih Therefore, the Nafidh
above the cell temperature to ensure no water condensatiorcontent in the catalyst layer must be controlled very pre-
in the inlet gas lines. All data were obtained at atmospheric cisely in order to achieve the best cell performance with a
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Fig. 1. Effect of Nafioff content in the cathode catalyst layer on cell
performance at 80C on hydrogen and air under ambient pressure: (a) Fig. 2. Effect of Nafio® content in the cathode catalyst layer on cell
current—voltage characteristics of electrodes with various N&foamtents performance at 100C on hydrogen and air under ambient pressure: (a)
and (b) comparison of cell voltage at various current densities. current—voltage characteristics of electrodes with various N&fimmtents
and (b) comparison of cell voltage at various current densities.

good balance among catalyst activity, porosity, gas perme-
ability and other factors. Frorfig. 1(b), it can be clearly  best cell voltage of 0.68V at 400 mA cr, as shown in
seen that when the NafiBrioading in the cathode catalyst Fig. 2a). Compared to the performance of the electrode
layer was changed from 15 to 35 wt%, the open circuit volt- with the same concentration Naffdrat the 80°C operat-
age (OCV) of the electrodes rapidly went up to the max- ing condition, the cell voltage at the 100 operating con-
imum and then reduced with a continued increase in the dition decreased almost 30 mV at this moderate current den-
Nafior® content to 37 and 40 wt%. At a low current density sity. The electrode with 37 wt% Nafi6ncontent performed
of 10mAcnT?, the same trend was observed. It indicated better than the one with 15wt% NafiBrat the current den-
that the catalyst mixed with 35 wt% NafiBrin the electrode  sity below 400 mA cm?2, while the cell voltage of the elec-
resulted in the best activity. The cell performance in a cur- trode with 40wt% Nafiof was lower than the cell with
rent density range of 0-1400 mA crhdisplayed an almost ~ 15wt% NafiorP. It was also found that the cell voltage of
parallel rise when the Nafiéhloading was changed from 15  the electrode with 37 wt% Nafiéhdropped sharply, when
to 35wt% in the layers. These simultaneous increases in cellthe current density reached 600 mAtfn The cell voltage
performance illustrated that the catalyst activity improved was too low to be recorded, when the current density was
and the gas diffusion capability through the catalyst layer increased to 700 mA cn? or higher since a minimum volt-
was not affected very much by the Naffbtoading varying age of 0.3V was set up in the polarization program, clearly
from 15 to 35wt%. It was noted that the cell performance seen irFig. 2(b). These data results showed that the cell per-
of the electrode with 37 wt% Nafiéhbecame worse than formance was influenced by the factor of Naffonontent
that with 15wt% Nafioff starting at the current density of at 100°C more than that at 8&C. An accurate control of
600 mA cnt 2, and the cell performance of the electrode with Nafior® content became essential, when the cell operating
40 wt% Nafior? did as well starting at a lower current density temperature was increased to T@Q) especially, for the high
of 250 mA cnt 2. cell performance at the higher current densities.

When the cell temperature was increased to“ID@nd The cell performance on hydrogen and air at the operat-
the relative humidities at the anode and the cathode wereing condition 120/35/35 is shown iRig. 3. Fig. 3a) pro-
both 70%, the electrode with 35 wt% Naf®provided the vides the current—voltage characteristics of the electrodes
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Besides polarization curve measurements, the electrodes

Fig. 3. Effect of Nafioff content in the cathode catalyst layer on cell with various Nafio contents were tested using cyclic
performance at 120C on hydrogen and air under ambient pressure: () oltammetry to determine the electrochemical surface area
current-voltage characteristics of electrodes with various N&ftamtents . .
and (b) comparison of cell voltage at various current densities. OT the cathode eleCtr_Ode available for hydrogen adsorption.

Fig. 4 shows the cyclic voltammetry measurement results at

25°C. The ECAs of the cathode electrodes calculated using
with various Nafion contents. The cell performed worse at Equation(1) are listed in theTable 1 The cathode catalyst
this operation condition: high cell temperature and lower rel- mixed with 35 wt% Nafiof® provided the maximum surface
ative humidities, compared to that at the near fully humidified area, 107.9 rhg~1Pt. Considering the total metal surface area
and moderately humidified operating conditions: 80/100/75 of 134 nf g~1Pt (provided by the manufacturer), the utiliza-
and 100/70/70. The best cell voltage of 0.60V at this low tion of the catalyst surface area was nearly 80.5%, associated
humidified condition was achieved at the current density of with this optimum NafioR content. At a relatively lower
400 mA cn12, when the Nafiofi content was 35wt% inthe  Nafior® content range of 15—-25 wt% in the cathode catalyst
cathode catalyst layer. Compared to that of state-of-the-artlayers, the utilizations of the catalyst surface areas obtained
PEM fuel cell performance at 12€ and relative humidity =~ were 51.4 and 71.3%, respectively. And the catalyst utiliza-
of 35wt% as reported by othef83-35] this is so far the tions of the electrodes with 37 and 40 wt% Naffoload-
highest cell voltage disclosed at the similar under-saturatedings were 58.1 and 57.1%, respectively. Therefore, an even
operation conditions under ambient pressure. The cell volt- slightly higher Nafioff content (37 wt%) than the optimum

ages of the electrodes with the relatively low Nafloron- value (35 wt%) would influence the catalyst electrochemical
tents, 15 and 25 wt% at 400 mA crhwere 0.38 and 0.51V,  surface area more than a lower Naftorontent.
respectively. When the Nafi6rnoading increased to 37 and The current—voltage characteristics of the cells was also

40 wt%, no performance data at 400 mAchmecorded since  evaluated, using hydrogen and oxygen reactants at the 80 and
the cell voltage was lower than 0.30V, the minimum set 120°C operating conditions, respectively. Oxygen was typi-
point. The cell performance of the electrode with 37 wt% cally used instead of air due to its broader activation—control
Nafior® dropped to lower than that of the electrode with region that gives more accurate catalyst activity. Plotting oxy-
15wt% Nafioff at the current density slightly higher than gen IR-free cell voltage against current density on a semilog
300 mA cnt 2. The cell voltage of the electrode with 40wt% scale produced a straight line with a slope called the Tafel
Nafior® was even lower than that of the electrode with slope. The Tafel slope in the kinetically control region was
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Table 1

ECA, OCV on air, Tafel slope and current density at 0.85 V on oxygen of electrodes with variousNediotents at different test conditions

Nafion content Test conditions@) 15% 25% 35% 37% 40%

ECA (m? g~1)-Pt 25 689 956 1079 779 765

OCV (V) 80 090 095 096 095 095
120 Q89 095 099 099 097

Tafel (mV dec1) 80 95 78 77 91 99
120 125 104 97 99 105

Current density at 0.85V 80 8 14 20 18 11
120 4 82 16 12 8

called the kinetic Tafel slope, which was determined exper- in Table 1 The kinetic Tafel slopes of 77 and 97 mV déc
imentally from the oxygen polarization curve. The decade at a Nafioff content of 35 wt% were closer to the theoretical
of 10-100 mA cm2 was used as the activation—control re- values of 70 and 78 mV deé at 80 and 120C, respectively,
gion for Tafel slope calculation since 10mAcfis high  than other lower or higher Nafihcontents in the cathode
enough to make the effect of hydrogen crossover negligible, catalyst layers.
while 100mA cnt? is low enough to make the concentra- In addition, the current density at a fixed cell potential of
tion overpotentials negligible too. The IR-free cell voltage 0.85V can be simply used as one of the practical parame-
versus current density on oxygen at two different test con- ters representative of catalyst activity, which is also tabulated
ditions: 80/100/75 and 120/35/35 are plottedHig. 5. The in Table 1 The current density of 20 and 16 mAcfat
kinetic Tafel slopes taken from the 10-100 mAchrange (.85 V was obtained at 80 and 120, respectively, when the
of the oxygen polarization curves were calculated and shownelectrode comprised 35 wt% NafiBiin the cathode catalyst
layer under hydrogen and oxygen. This result demonstrated
that catalyst activity of the electrode with a Naffotoad-

_ ; i T ing of 35wt% was significantly higher than that with other
% 00— org-HHT un-optimized loadings at the 80 and TZD operating con-
F = 55 | ditions, combined with the results of the ECA and cell open
2 S5 S HH circuit voltage, which are summarizedTable 1
5 S o swo, = |
3 ] —o-25%.0;
= 06— —0-35%.0, -
a o<; %if"!/::gi 4. Conclusions
i
T |
0.4 — T i High-temperature PEM fuel cells have received increasing
(@ 10 100 1000 10000

, attention as a result of several advantages over current PEM
Current Density (mA/cm?2) . fuel cell technol ti tt t | th
Current-IR free cell voltage characteristics of electrodes with various Nafion uel cell technology Opera_ In_g at temperatures lower than
contents at 80°C 100°C. The study of an optimized catalyst layer has become
an integral part of electrochemical research in recent years,

I n especially, for an optimum amount of Naffdionomer in the
58 ;\w rotH catalyst layer. The effect of Nafi6Hoading on the electrode
T ! polarization characteristics of a PEM fuel cell was investi-
= 08 e gated in terms of both hydrogen/oxygen and hydrogen/air
% \\?‘?‘f ] performance at three operating conditions (cell temperature
G = BTN R (°C)/anode (%oRH)/cathode (%RH)): 80/100/75, 100/70/70
% 06— ji::j:‘gi Y W??A and 120/35/35, at ambient pressure. The experimental data
o= +379i;,’ 0, R reported in this paper indicated an optimal Nafiaontent
& 05— iﬁ? % . : of 35wt% at a catalyst loading of 0.5 mg cfin the cath-
= maa ' ode at all these three different operating conditions. The best
o - Hmlo 100 1000 10000 cell voltages of 0.70, 0.68 and 0.60V were achieved at 80,
(b) Current Density (mA/cm?) 100 and 120C under hydrogen and air, respectively. The
Current-IR free cell voltage characteristics of electrodes with various Nafion" influence of Nafio@ content on the cell performance at the

contents at 120°C

cell temperature of 120C was more significant than that at
Fig. 5. Effect of Nafioff content in the cathode catalyst layer on IR-free reIatweI_y lower temperatures of 100 and ‘&0 Theref(_)re,

cell performance at 80 and 126 on hydrogen and oxygen under ambient  the N?-ﬁon content should be Contm”e_d maore preusely at
pressure. that high-temperature condition. The slightly higher Nafion
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