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a  b  s  t  r  a  c  t

A  polymer  electrolyte  fuel  cell  enables  operando  X-ray  absorption  and  infrared  spectroscopy  of  the
membrane  electrode  assembly  catalytic  layer  with flowing  fuel  and  air streams  at  controlled  temper-
ature.  Time-dependent  X-ray  absorption  near  edge  structure  spectra  of the Pt and  Ni  edge  of  Pt  based
catalysts  of  an  air-breathing  cathode  show  that  catalyst  restructuring,  after  a  potential  step,  has  time
constants  from  minutes  to  hours.  The  infrared  Stark tuning  plots  of  CO  adsorbed  on  Pt  at  100,  200,  300
and  400  mV  vs.  hydrogen  reference  electrode  were  obtained.  The  Stark  tuning  plots  of  CO  adsorbed  at
400 mV  exhibit  a precipitous  drop  in  frequency  coincident  with  the  adsorption  potential.  The  turn-down
potential  decreases  relative  to the  adsorption  potential  and  is approximately  constant  after  300  mV.
perando spectroscopy
-ray absorption spectroscopy

nfrared spectroscopy
tark tuning
latinum
ickel

These  Stark  tuning  characteristics  are  attributed  to potential  dependent  adsorption  site  selection  by CO
and competitive  adsorption  processes.

© 2011 Elsevier Ltd. All rights reserved.
ANES

. Introduction

Because the active state of a catalyst exists only during catal-
sis [1],  the characterization of catalysts should be done under
tandard device operating conditions: catalysts, incorporated into
embrane electrode assemblies (MEAs), are exposed to flowing

eactant streams within flow fields operating from 60 to 80 ◦C. This
ork focuses on platinum-based catalysts of polymer electrolyte

eactors. Such reactors have applications in organic synthesis [2–9],
nvironmental remediation [10,11] and energy conversion [12].
he MEA, a polymer electrolyte membrane sandwiched between
atalytic layers contacting porous carbon paper or cloth gas dif-
usion layers, is optimized for reactant transport and electronic
onduction. MEA  fabrication methods have been reviewed [13].
riefly, inks are prepared by dispersing catalysts in solubilized

onomer. The inks are either deposited onto the carbon gas diffu-
ion layers followed by hot pressing to the membrane (i.e., 5-layer
EA), or directly deposited onto a heated membrane surface (i.e.,

-layer MEA). The catalyst layers (carbon supported or metal blacks

14]) are a blend of ionomer, catalyst particles and, in some cases,
eflon dispersion. In an operating MEA, the catalyst particles are
etted with a sub-�m layer of ionomer that conducts protons and

∗ Corresponding author. Tel.: +1 617 373 7526.
E-mail address: e.smotkin@neu.edu (E.S. Smotkin).

013-4686/$ – see front matter ©  2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.electacta.2011.07.091
enhances catalysis [15]. Operando characterization of MEA  catalytic
layers requires an absence of supplemental electrolytes: aqueous
electrolytes (e.g., H2SO4 or HClO4) contribute mobile anion adsor-
bates, and preclude fuel cell operation at the high end of relevant
temperatures (e.g., 70–90 ◦C).

Proper cell design is the key challenge to operando spectroscopy.
In addition to a “real world” catalyst environment, standard electro-
chemical cell design principles must be adhered to, including equal
resistance between any points of the working electrode surface
to an auxiliary electrode surface, and a high impedance reference
electrode [16]. Stainless steel should be avoided. It includes iron,
nickel and chromium, which fluoresce at energies similar to the
edge energies of Pt based catalysts.

Viswanathan et al. [17] and Stoupin et al. [18] introduced
operando X-ray absorption spectroscopy (XAS) of hydrogen and
liquid feed direct methanol fuel cells respectively using the cell in
Fig. 1. This cell design was  used by Principi et al. [19] in low Pt load-
ing XAS studies. Palladium at the cathode mitigates interference
when studying Pt based catalyst edge energies. A recently reported
operando X-ray absorption cell describes a design that mitigates
this problem [20].

The resistance between the anode and cathode catalytic lay-

ers of a membrane electrode assembly is governed by a uniform
polymer electrolyte membrane thickness (ca. 7 mil  for Nafion
117) [21]. The counter electrode to the working electrode of
interest serves as both the auxiliary and the reference electrode

dx.doi.org/10.1016/j.electacta.2011.07.091
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:e.smotkin@neu.edu
dx.doi.org/10.1016/j.electacta.2011.07.091
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Fig. 1. Operando spectroscopy fu

counter-reference electrode) [22]. Counter-reference electrodes
re also used in two-electrode microelectrode studies where polar-
zation of a standard reference electrode is unlikely with sub-�A

orking electrode currents [23]. A hydrogen counter-reference
s often used for acquisition of direct methanol fuel cell anode
olarization curves [24]. Pure water can be delivered to the counter-
eference electrode when obtaining anode polarization curves
ecause hydrogen evolved at the counter electrode poises [25]
s the counter electrode to the hydrogen electrode potential: The
ydrogen ion activity is set by the Nafion equivalent weight (e.g.,
100 g for Nafion 117) and state of hydration. The high acidity of

afion is attributed to the CF2 group alpha to the sulfonic acid
xchange group [26]. Although use of the counter-reference has
rawbacks at high currents, the alternative of developing a 3rd elec-

ig. 2. IR-XAS cell. Top left panel: bottom and top flow field with wicking material (white
hown in lower part of panel. Top right: (1) transmission X-ray path, (2) reflectance IR or
nsert,  (6) slider housing, (7) thermocouple/heater cartridge port, (8) lower flow field, (9
R-XAS cell with DE9 connector for electrodes, heater cartridge and resistance temperatu
n  a Bruker (Billerica, MA)  Vertex 70 FTIR Spectrometer.
l and schematic (from Ref. [17]).

trode as a reference electrode is far more complex than correcting
for reference electrode polarization losses using current interrupt
or impedance measurements. On a practical level, the use of the
fuel cell counter-reference affords greater reproducibility between
laboratories. This work focuses on steady state conditions at fixed
potentials where polarization of the counter-reference electrode is
negligible.

A number of operando XAS [27–34] studies followed that of
Viswanathan with many focused on the oxidation state of the
metal components. All found that at relevant fuel cell anode oper-
ating potentials, platinum is metallic. The oxidation of CO was

studied both on Pt [31], and PtRu [27,30,35,36],  confirming the
electronic benefits of Ru as a co-catalyst for CO oxidation. Stud-
ies of adsorbed oxygen reduction reaction intermediates on fuel

 strips). The top plate shows the bevel required for fluorescence studies. The MEA  is
 fluorescence X-ray path, (3) CaF2 window housing, (4) Teflon gasket, (5) gas outlet
) MEA, (10) upper flow field, and (11) top plate. Bottom left: partially assembled
re detector. Bottom right panel: cell installed in Pike diffuse reflectance accessory
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2.4. Operando infrared spectroscopy

Spectra from 800 to 4000 cm−1, at 4 cm−1 resolution, were
acquired with a Vertex 70 Spectrometer (Bruker instruments, Bil-
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Fig. 3. IR-XAS cell at MRCAT bea

ell catalysts show that adsorption is both potential-dependent and
ite-specific [27,37–40].

. Experimental

.1. Cell design

The Viswananthan cell was limited to transmission X-ray
bsorption measurements. The new cell (Fig. 2) combines fea-
ures of the Viswananthan cell [17] with the operando specular
eflectance infrared (IR) cell reported by Fan et al. [41]. This IR-XAS
ell enables operando XAS (in transmission and fluorescence) and
pecular reflectance FTIR spectroscopy without the need for extrac-
ion of the MEA  and interchange of cells. The top flow field (Fig. 2,
op right), accommodates a CaF2 window for IR reflectance stud-
es [41–43]. The CaF2 window can be removed when the working
lectrode of interest is an air-breathing electrode. An advantage
f fluorescence X-ray absorption is that the beam intensity is not
ttenuated by the lower graphite flow field (component 8). The
R-XAS cell is designed for use with commercially available IR dif-
use reflection accessories (Fig. 2, bottom right). Fig. 2 (bottom left)
hows the lower flow field, the top flow field (with wicking material
or condensed water removal) and the top plate.

The fuel cell housing bolts to a slider assembly (Fig. 2, com-
onent 6) that provides a 9-pin connector for cell electronics and
emperature control. Swagelok fittings are used for fuel and oxidant
elivery and exhaust. A wide beveled (not viewable) slot beneath
he cell (Fig. 2, bottom left) enables variable angle X-ray transmis-
ion spectroscopy. Fig. 3 shows the cell as an air breathing fuel
ell at the MRCAT beam line at the Argonne National Laboratory.
he source beam (arrow) passes through the cathode gas diffusion
ayer on the front face of the cell (Fig. 3, right photo). Fluorescence
s detected by the Lytle detector.

The slot on the underside also ensures precise positioning of
he cell under the integrated mirrors of the Diffuse-IR accessory
Pike Technologies, Madison, WI)  (Fig. 2, bottom right). A 158◦

evel angle on the top plate maximizes the collection of the scat-
ered signal. A pin-style upper flow field optimizes flow distribution
round the CaF2 window inset. Fig. 4 shows a polarization curve
.04 mV/min) of the IR-XAS cell. Humidified H2 (50 sccm) and air
250 sccm) were delivered to the counter and working electrodes
espectively at 50 ◦C.

.2. MEA  preparation
Catalyst inks, prepared by the method of Wilson [44], were
irectly applied to Nafion (4 mg/cm2 of metal blacks at the working
lectrode and the same loading of Pt or Pd at the counter-reference
lectrode) immobilized on a heated vacuum table (NuVant Systems,
e, Argonne National Laboratory.

Crown Point, IN) maintained at 70 ◦C. These loadings are typical
for unsupported catalysts often used in liquid feed direct oxida-
tion fuel cells [24]. Carbon paper (Toray Industries, Tokyo, Japan)
blocked with Vulcan XC-72 carbon was used as a current collec-
tor at both electrodes. The MEA  was  conditioned [17] by cycling
from 800 to 600 mV  (40 mV/min) for five cycles with humidified
H2 (50 sccm) at the counter-reference electrode and air (250 sccm)
at the windowed working electrode. The air was purged from the
working electrode with N2, followed by further conditioning by
cyclic voltammetry (CV) over the range 0–1.2 V (100 mV/s) for fifty
scans.

2.3. X-ray absorption spectroscopy

The cathode gas diffusion layer was exposed to ambient air
(i.e., CaF2 window not installed) while humidified hydrogen was
delivered to the Pd counter-reference electrode. After an initial 1-h
conditioning period [45], the fuel cell was disconnected, brought to
the experimental station, reconnected to the humidified gas feeds,
and held at a potential of 530 mV.  Time-dependent XANES were
sequentially acquired at 2 min  intervals and then subtractively nor-
malized to the reference spectrum, which was obtained at 0 V after
completion of the time sequence.
0 -10 -2 0 -30 -4 0

Current  Dens ity (mA/cm
2
)

Fig. 4. IR-XAS fuel cell polarization curve.
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(1:1) was  provided by ETEK. Jia et al. performed EXAFS fits of the
same data [47], and attributed the shorter time constant for the Ni
edge transient to the predominance of the Ni within the metal core:

450 mV

500 mV
ig. 5. Time-dependent XANES at 530 mV  subtractively normalized to 0 V. Left: Pt e

erica, MA)  and analyzed with Opus 6.5TM software. The potential
ependent IR specular reflectance spectra of adsorbed CO (COads)
as obtained for CO dosing potentials (Eads) of 100–400 mV  vs.
HE in 100 mV  increments. Prior to acquisition of the background

R spectrum, the cell was  brought to 50 ◦C with H2 (50 sccm) at
he counter-reference electrode and N2 at the working electrode
200 sccm) for 15 min. The working electrode feed was switched to
O (40 sccm) at the selected adsorption potential for 15 min  prior
o purging the working electrode with N2 (200 sccm). The potential
as set to 100 mV  prior to acquisition of four signal-averaged (250

cans) spectra, at 50 mV  increments, until the CO vibrational bands
ere no longer observable.

. Results and discussion

.1. Time dependent X-ray absorption spectroscopy

Fig. 5 shows time-dependent subtractively normalized XANES
pectra of cathode catalytic layers of an air breathing hydrogen fuel

◦
ell operating at a temperature of 50 C. Fig. 5 (left) shows the Pt
ime-dependent XANES (at 530 mV), each obtained as an average
f three consecutive scans. The two peaks at 11553 eV and 11578 eV
ecrease with time, as the Pt is reduced, with a time-constant on the
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ig. 6. Cyclic voltammetry (10 mV/s) of fuel cell working electrode (5-cm2 geo-
etric) under humidified nitrogen at 50 ◦C (solid). Humidified H2 (50 sccm) at the

ounter-reference. CO stripping wave (dashed).
f air-breathing Pt cathode. Right: Ni edge of an air breathing PtNi cathode catalyst.

order of hours. The large time constant cannot be attributed solely
to reduction of chemisorbed oxygen. The reduction of sub-surface
oxygen, native to the crystallite core structure, may be responsible
for the long time-constant. Stoupin et al. have shown that in the
case of PtRu, the oxide phase extends into the core of particle [18].
A large Pt restructuring time-constant provides an explanation for
the better performance obtained when acquiring cathode polariza-
tion curves from low to high potentials [46]. Fig. 5 (right) shows the
Ni-edge time-dependent data, using the same experimental condi-
tions as those on the left, from a PtNi/C cathode catalyst. This PtNi
2200 2175 2150 2125 2100 2075 2050 2025 2000

Wavenumber (cm
-1
)

100 mV

150 mV

200 mV

250 mV

300 mV

350 mV

400 mV

Fig. 7. Potential-dependent IR spectra of COads on Pt with an adsorption potential
of  100 mV.
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no supplemental electrolyte (i.e., operando conditions), identified
co-adsorbates as the Nafion sulfonate exchange group and the
side chain CF3 group. COads oxidation, induced by OH− adsorp-
Potenti al (mV )

Fig. 8. Stark tuning plots of lin

he surface, dominated by Pt, has only small amounts of Ni avail-
ble for adsorption/reduction of chemisorbed oxygen. The data of
ig. 5 suggests that a broad window of times constants is required
or understanding time-dependent phenomena.

The time constants associated with the XAS of this work range
rom minutes to hours. Tada et al. [48], using transmission studies
one on a Viswananthan-type cell reported a method for obtain-

ng 1 s time-resolved full EXAFS spectra from a fuel cell being cycled
etween 0.4 and 1.0 V. They have observed separate time constants
or charging and discharging, as well as the formation and dis-
ociation of surface Pt–O bonds. Even shorter time constants will
e possible using dispersive XAFS techniques and lifetime studies
sing catalysts kept in operation for hundreds of hours will become
ossible as operando fuel cells become more available.

.2. Operando infrared spectroscopy of CO/Pt

Fig. 6 shows background CV (red) and the CO stripping wave
blue) obtained with the cell at 50 ◦C. The CO stripping wave,
cquired at 10 mV/s, extends from about 600 to 900 mV.  The poten-
ial dependent IR spectra of COads at 100 mV vs. NHE are shown
n Fig. 7. The peak positions vs. potential (Stark tuning plots) for
O adsorbed at 100, 200, 300 and 400 mV  (Fig. 8) complement
n operando temperature dependent study conducted by Kendrick
t al. [49] and is similar to the data of Stamenkovic et al. study-
ng CO on Pt(1 1 1) in 0.5 M H2SO4 [50]. The Stark tuning rates of
his work, 6.8 ± 0.6 cm−1/mV, are within the range of 2.5 cm−1/V
o 18.3 cm−1/V of previous operando Stark tuning studies of direct

ethanol fuel cells at potentials negative of 0.5 V vs. NHE [42]. The
ariations in fuel cell Stark tuning rates correlated with methanol

oncentration or CO coverage (e.g., when dosing the DMFC directly
ith CO). Stark tuning rates for MEA  incorporated Pt are lower than

hose reported for polished polycrystalline Pt (e.g., 23.8 cm−1/V [51]
o 27.5 cm−1/V [52]). The differences may  be due to unique surface
Potentia l (mV)

 adsorbed CO adsorbed on Pt.

conditions provided by the operando environment (e.g., MEA  Pt is
Nafion coated).

Stamenkovic correlated the complex Stark tuning of COads
stretching frequencies (�CO) to the compression/dissipation of
COads islands: A linear Stark tuning region with a subtle �CO blue
shift from the extrapolated linear region was followed by a precip-
itous drop in �CO, followed by an upturn. The potential where �CO
precipitously drops (Eonset) correlates with COads oxidation. Sta-
menkovic identified the co-adsorbate as HSO3

− originating from
the 0.5 M H2SO4 electrolyte used in their study. Kendrick, using
Fig. 9. CO electro-oxidation onset potentials vs. adsorption potentials.
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ion, diminishes dipole–dipole coupling and thus precipitously
ecreases �CO. The upturn is ascribed to increased adsorption of sul-
onate species relative to OH−, which reestablishes repulsive dipole
nteractions that compress COads islands and increases �CO.

Fig. 9 shows how Eonset depends on Eads. At 400 mV,  Eonset and
ads coincide because at higher potentials COads favors adsorption
ites with higher enthalpies of adsorption (e.g., steps and kinks)
53,54] and there is no thermodynamic force driving migration to
ites of lower �Hads. At an Eads of 300 mV,  the Eonset exceeds Eads by
0 mV because the distribution of adsorption sites are more hetero-
eneous and there is a driving force for COads on terraces to migrate
o steps, kinks and ad atoms. Thus the difference between Eonset on
ads would be expected to increase as Eads is decreased. At Eads of
00 mV  and lower, the Eonset is leveled to 320 mV.

. Conclusion

An IR-XAS cell enables acquisition of X-ray absorption, and IR
eflectance spectra of fuel cell catalysts and adsorbates with flowing
uel and oxidant gas streams at controlled cell temperatures (i.e.,
perando conditions). Time-dependent subtractively normalized
ANES spectra show catalyst structural changes with time con-
tants up to hours, explaining why better performance is observed
ith cathode polarization curves obtained from low to high poten-

ials. Stark tuning of CO adsorbed at 100, 200, 300 and 400 mV  vs.
he fuel cell counter-reference electrode (i.e., NHE) is interpreted
n terms of the difference between the oxidation onset potential
nd the potential at which the CO was adsorbed. At 400 mV,  the
xidation onset potential (Eonset) is coincident with the adsorption
otential (Eads) because CO preferentially adsorbs only on sites with
igh �Hads and there is no driving force for migration. As Eads, Eonset

ecreases relative to Eads as CO migrates to sites of higher enthalpies
f adsorption. At Eads at or below 200 mV  the Eonset is leveled to
25 mV.
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