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In Situ Potential-Dependent FTIR Emission Spectroscopy
A Novel Probe for High Temperature Fuel Cell Interfaces

Xinyu Lu, * Peter W. Faguy,** and Meilin Liu ** ,z

Center for Innovative Fuel Cell and Battery Technologies, School of Materials Science and Engineering,
Georgia Institute of Technology, Atlanta, Georgia 30332, USA

Potential-dependent Fourier transform infrared emission spectroscopy~pd-FTIRES!has been used for the first time to study,in
situ, oxygen reduction under practical operating conditions of intermediate-temperature solid oxide fuel cells. Surface emission
difference spectra of functioning cathodes at 550°C under a variety of feed gas conditions and overpotentials were obtained.
Various surface oxygen anions were observed on the cathode surface under specific oxygen concentrations. The interfacial
structural data were also correlated to ac impedance and chronoamperometric measurements. In addition to the bands associated
with adsorbed oxygen anions, broad spectral features arising from the electrochemical polarization were also observed. These
spectral features are believed to be due to electrochemically induced changes in the optical properties of the emitting surface layer.
© 2002 The Electrochemical Society.@DOI: 10.1149/1.1503961# All rights reserved.
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It is well known that the key issues facing solid oxide fuel c
~SOFC!technology are cost reduction and minimization of intern
electrochemical losses. As the operating temperature is redu
many cell components such as the interconnect and heat excha
can be fabricated from much less expensive materials, technica
ficulties will find easy solutions, and system reliability, operation
life, and the possibility of using SOFCs for a wide variety of app
cations increase. Unfortunately, the interfacial polarization re
tances increase dramatically as the operating temperature is red
this is especially true for oxygen reduction at the cathode. In f
the performance of a low-temperature SOFC is most severely
ited by the polarization resistances at the cathode/electro
interface.1,2

While considerable efforts have been devoted to the developm
of efficient cathode materials, a detailed understanding of the ch
istry and electrochemistry at SOFC cathode surfaces is still lack
The significance of each elementary step involved in oxygen red
tion in SOFCs, such as adsorption, dissociation, charge transfer
mass transfer, is still not clear. Thus, it is imperative to elucidate
reaction mechanism of oxygen reduction in order to more effectiv
optimize cathode performance.

A spectroscopic technique that can provide structural details
der conditions of actual fuel cell operation is extremely attracti
Fourier transform infrared spectroscopy~FTIR! has been widely
used forin situ analysis of adsorbed species and surface reaction
significant body of work exists on utilizing emission spectroscopy
characterize oxide surfaces.3-5 There also exists a twenty year hi
tory of applying infrared spectroscopy to the study of electroche
cal interfaces.6 Our work is a natural extension of those two trad
tions. A new tool has been developed in our laboratories,
applied to the study of oxygen reduction at SOFC cathodes. T
newly developed hybrid technique, potential dependent FTIR em
sion spectroscopy~pd-FTIRES!, provides structural information a
to the extent and nature of oxygen species adsorbed on the ca
surface and also for the electrode material itself, all as a functio
temperature, overpotential, and oxygen partial pressure.

The purpose of this communication is to introduce pd-FTIR
and to rationalize the pd-FTIRES spectra correlated to electroch
cal data with the types of the intermediate species involved in o
gen reduction found at the interfaces. This new technique will h
a great impact on future studies of gas/solid interactions in so
state electrochemical systems.
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Experimental

Materials and electrode preparation.—An intermediate-
temperature cathode material, Sm0.5Sr0.5CoO32d ~SSC!, and an elec-
trolyte material Sm0.2Ce0.8O22d ~SDC! were prepared by the
glycine-nitrate process.7 The resulting SDC powder was pressed in
pellets under 400 atm for 1 min and sintered in air at 14
;1500°C for 5 h to achieve sintered densities greater than 95%
the theoretical values. The as-sintered SDC pellets~with 8 mm in
diam and 0.4 mm thickness! were ground and polished to ensu
surface smoothness. The SSC powder and a binder~V-006, Heraeus!
were screen printed on both sides of the as-polished SDC pellets
fired at 1000°C for 4 h to form porous SSC layers~;10 mm!. The
microstructures of the samples were examined using a scan
electron microscope~SEM, Hitachi S-800!and the micrographs o
the cathode for an SSCuSDCuSSC trilayer are shown in Fig. 1. A
ink was painted to the edges of both SSC electrodes and fire
800°C for 30 min as the current collector.

Spectroelectrochemical cell.—The sample is placed on the top o
a stainless steel sample cup mounted to a metal fixture that con
a heating cartridge. The top surface center of the sample is p
tioned accurately at the short ellipsoid focus. An aperture and
tiltable sample holder are used to adjust the intensity of the emis
from the sample. KBr is used for all windows in the optical path.2

~ultrahigh purity,@O2# ; 10 ppm, estimated from a zirconia oxyge
sensor measurement!, 1% O2 balanced in N2 , and air ~breathing
grade!are all from Air Products, Inc. Mass flow controllers are us
to maintain the constant gas flows~;50 mL min21! to both sides of
the sample. A thermocouple is positioned on the top rim of
sample cell to monitor the temperature. The sample temperatu
automatically controlled to within 1°C.

Figure 2 shows a schematic diagram of the optical configura
used for the emission measurements. The spectroelectroche
cell was placed on the top of the sample cup in a Praying Ma
diffuse reflectance sampling accessory equipped with a high t
perature reaction chamber. The Praying Mantis attachment was
sitioned at an emission port on the Bruker Equinox 55 FTIR sp
trometer. The top surface of the electrode~0.13 cm2! then becomes
the source of infrared light modulated by the interferometer. Wh
the transfer optics are not perfectly optimized, the electrode sur
is at the focal point of the ellipsoidal optics in the diffuse reflectan
attachment and thef number for the focusing mirror in the emissio
port is small, therefore light levels reaching the detector are h
enough for high quality spectra.8

Electrochemical measurements.—An EG&G 273A potentiostat/
galvanostat and a 5201 lock-in amplifier were used to collect
impedance spectra and apply dc potentials to the cell. The frequ
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Figure 1. Scanning electron micro-
graphs of the cathode side of a sym
metrical cell, SSCuSDCuSSC, used in the
pd-FTIRES measurements:~a! cross-
sectional and~b! top-down view of the
SSC surface.
kH
res
lle
s
po
la
in
ilib
pa

KB
ivit
to
tag
an
w
re
d
the

ec

pe
re

ges
ted
an
not
The
ort

the
pen-
or
nless

x-
range of impedance measurements was from 0.01 Hz to 100
and the amplitude of the input sine wave signal was 5 mV. Ag wi
were connected to the two electrodes through the Au current co
tors and led to the potentiostat/galvanostat. The bulk resistance
the cell were measured using impedance spectroscopy at each
in order to correct the ohmic loss across the electrolyte in dc po
ization measurements. All dc measurements were acquired
steady state; it took about 3-10 min for the system to reach equ
rium under each testing condition. The salient electrochemical
rameters are listed in Table I.

Spectroscopic measurements.—A liquid nitrogen cooled
mercury-cadmium-telluride detector was used with a Ge-coated
beam splitter and a mirror speed of 20 kHz. Single beam emiss
curves were collected at 4 cm21 resolution coadding 128 scans in
each interferogram. Spectra were collected at open circuit vol
~OCV!, then the potential was fixed across the cell, after the tr
sient current decayed spectral collection proceeded. This cycle
repeated for each sample potential, typically 100-200 mV inc
ments over a 1.5 V range of applied potentials. This corresponde
30-160 mV increments over 0.8 V for the overpotentials, after
correction of ohmic drop across the electrolyte was applied.

Spectroscopic data are presented as emittance difference sp
as given in Eq. 1

D«/«o~%! 5
«~n̄,T,Vi!

«o~ n̄,T,Vo!
2 1 @1#

where the single beam emittance spectrum,«( n̄), is a function of
temperature and applied potential. Calculating the pd-FTIRES s
tra provides both a method to clearly identify the spectral featu

Figure 2. Schematic diagram of optical configuration for pd-FTIRES e
periments.
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associated with the electrochemically induced structural chan
and to reject the instrument lineshape function which is domina
by the emissivity profile of this pseudo-blackbody emitter. This is
important point; the difference spectra are affected indirectly,
directly, by the operating temperature of the sample or source.
indirect effects stem from the effect of temperature on ion transp
and electrode kinetics, direct effects due to the emissivity of
sample are canceled by using the spectra obtained under o
circuit conditions,«0( n̄), as essentially a blackbody reference. F
convenience, the pd-FTIRES spectra are presented in dimensio
percent units.

Table I. Electrochemical parameters for pd-FTIRES measure-
ments of a symmetrical cell, SSCzSDCzSSC, at 550°C for various
feed gases.Rb represents the bulk resistance of the electrolyte
„SDC…, whereasRp represents the interfacial polarization resis-
tance between SSC and SDC under open circuit voltage„OCV….

Applied voltage
~V!

Overpotential
~mV!

Current density
~mA cm22!

In air 0.0 0 0.0
Rb 5 0.40V cm2 20.10 238.0 276.98
Rp 5 0.24V cm2

at OCV 20.30 2109 2237.3
20.50 2174 2404.0
20.70 2232 2580.2
20.90 2277 2772.2
21.2 2317 21095
21.5 2323 21460

In 1% O2 0.0 0 0.0
Rb 5 0.40V cm2 20.10 261.0 249.21
Rp 5 0.65V cm2

at OCV 20.30 2178 2150.8
20.50 2295 2254.8
20.70 2420 2346.8
20.90 2584 2391.3
21.0 2672 2406.3
21.1 2758 2424.6

In N2

(@O2# ; 10 ppm) 0.0 0 0.0
Rb 5 0.40V cm2 20.20 2199 21.040
Rp → ` at OCV 20.30 2299 21.254

20.40 2399 21.460
20.50 2498 22.286
20.60 2597 24.079
20.70 2693 28.143
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Results and Discussion

An important consideration in interpreting pd-FTIRES, or a
difference emittance spectra, is that any positive-going feature
resents an increase in emittance at that frequency for the sa
relative to the reference and vice versa. These excursions are c
by a change in concentration of an emitting species at the surfac
the emission sample, due to either faradaic processes consumi
producing the emitter or by potential-induced adsorption/desorp
phenomena. These spectra features are analogous to the band
in subtractively normalized interfacial FTIR and pd-FTIR reflecti
absorption spectroscopy experiments.5

An additional phenomenon also appears to be occurring wh
the emission characteristics of the electrode surface layer vary
applied potentials. This is analogous to the electroreflectance
nomena found in electrochemically modulated UV-visible refle
tance measurements, where the optical constants of the elec
itself are modulated by the applied electric field.9 This electroemis-
sion phenomenon has not previously been observed.

As the pd-FTIRES spectra shown in Fig. 3 indicate, both of th
types of spectral features, as described above can be found.
negative-going features around 1250-900 cm21 can be ascribed to
the disappearance of surface superoxide moieties as the elec
overpotential is made more cathodic. The broad baseline shifts
are highly dependent on feed gas compositions also show a pote
dependency. These broad features are not temperature induced,
data was taken at 550°C. The shapes of the pd-FTIRES spectr
consistent with frequency dependent changes in the emissivity o
surface, induced by the change in applied potential.

Although free molecular oxygen in a gas phase is not infra
active ~since it is centrosymmetric or nonpolar!, oxygen molecules
or ions adsorbed on the surface of an electrode~metallic or mixed-
conducting!, under the influence of an applied electrical field,
polarized and become infrared active. The oxygen reduction at
cathode of an SOFC involves a series of elementary steps, inclu
gas-phase diffusion of O2 to the cathode surface, adsorption a
dissociation of oxygen molecules, surface diffusion, charge tran
and ionic diffusion through a mixed conducting electrode and i
the electrolyte. Some equilibria are likely involved among the va
ous surface oxygen species

O2~gas! ↔ O2~adsorbed! ↔ O2
2 ↔ O2

22 ↔ O2 ↔ O22 @2#

FTIR can render valuable information concerning the forms of
sorbed oxygen, such as peroxide ions O2

22 ~800-900 cm21!, super-
oxide ions O2

2 ~1040-1190 cm21!, and adsorbed O2 ~1500-1700
cm21!.10-14

Shown in Fig. 4 are the pd-FTIRES spectra recorded for a s
metric cell, SSC/SDC/SSC, in air, 1% oxygen, and in N2 for various
applied potentials. The local baselines have been corrected with
bic polynomial fits between 1435 and 830 cm21. This was done to
separate out the electroemission effect from the adsorbate m
changes. As a comparison of the three stack plots indicates, cha
in partial pressure of oxygen, and the cathodic overpotential indu
remarkable spectral changes.

The pd-FTIRES spectra obtained at 550°C under cathodic
polarized conditions showed a very strong absorption band at a
1124 cm21 and two weak absorption bands at 1236 and 930 cm21

~near the high frequency tail and low frequently tail of the 11
cm21 band!, respectively. The strong band at 1124 cm21 and the
weak band around 1236 cm21 are assigned to normal and perturb
superoxide ions (O2

2), respectively.10 The weak band around 93
cm21 is assigned to peroxide ions (O2

22), again based on analogou
assignments in the literature.

Figure 5 shows the normalized peak heights as a function
overpotential for these three bands for the oxygen limited feed
experiments. All three modes in both feed gases show identica
tential dependencies. This is puzzling, as all three modes have
assigned to different adsorbate species; this means that the cov
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of three distinct molecular species all follow the same potential
pendency. It could be that three distinct surface-bound dioxy
species, intermediate in charge density between molecular oxy
and peroxide, exist. It is inviting to assign them to oxygen vacan
divalent, and trivalent cation sites, but again, their identical poten
dependence is puzzling.

As another indication of the power ofin situ structural data, it is

Figure 3. Comparison of pd-FTIRES spectra for three different feed g
conditions:~a! air, ~b! 1% O2 in N2 , and~c! N2 . Dashed lines indicate cubic
polynomial fits to baselines. Electrochemical characteristics are listed
Table I. The arrows indicate the increasing direction of cathodic overpo
tials.
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possible to further analyze the peak height data. If the peak he
relative to the largest peak in the spectra, the 1124 cm21 band, are
plotted as function of overpotential an informative trend is fou
Figure 6 shows the relative peak heights as a function of overpo
tial for the two oxygen deficient environments. For both the 12
and 930 cm21 modes and for both gas feed conditions, the relat
peaks approach a constant value as the electrode is polarize
thodically. However, while both the higher frequency bands and
low frequency band for the 1% O2 case all approach a relative pea
height of ;0.42, the 930 cm21 band for the N2 environment ap-
proaches approximately half that value. This is a clear indica
that the species responsible for the 930 cm21 emission is not the
same as those~or that one!responsible for the other bands, an
varies in initial OCV coverage with respect to the superoxide s
cies as a function of gas environment.

Qualitatively then, on the cathode surface, superoxide ions (2
2)

adsorb at or near positively charged reactive sites, such asO
"" ,

Co21, and Sm31, forming bonds as VO
""
uO2

2 , Co21
uO2

2 and
Sm31

uO2
2 in a dynamic-equilibrium state. When a cathodic ov

potential is applied, electrons are injected to these reactive sites

Figure 4. Comparison of pd-FTIRES spectra after local baseline correc
for three different feed gas conditions:~a! air, ~b! 1% O2 in N2, and~c! N2 .
Overpotential excursions range from~a! 0 to 320 mV,~b! 0 to 760 mV, and
~c! 0 to 690 mV. The arrows indicate the increasing direction of catho
overpotentials.
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transferred to the O2
2 , inducing a series of reactions to occur, po

sibly following O2
2 ↔ O2

22 ↔ O2 ↔ O22. As shown in Fig. 4, the
negative-going features around 1250 to 900 cm21 grow largely
~more negative!with increasing cathodic overpotentials, indicatin

Figure 5. Normalized peak heights~relative to maximum peak heights in
series!for superoxide modes~see Fig. 4!as a function of cathode overpo
tential for two different feed gas conditions:~a! 1% O2 in N2 and ~b! N2 .

Figure 6. Peak heights as a function of overpotential relative to 1124 cm21

band. Diamond and square symbols denote 1% O2 in N2 and N2 environ-
ments. 1236 and 930 cm21 relative peak heights are denoted by solid a
dashed lines, respectively.
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the disappearance of these surface oxygen species. This effec
came stronger in atmospheres containing less oxygen. If the
heights for the strongest mode, O2

2 ~1124 cm21!, are compared
across the three feed gases for an overpotential of;300 mV, a trend
can be seen. For the oxygen rich case~air!, this mode has a pea
height of 0.15; for 1% O2 in N2 , the peak height at an equivalen
overpotential is 0.6; and for the trace oxygen case (N2), the peak
height is 0.9. This trend 1:4:6 in peak heights for air: 1% O2 in
N2 :N2 can be contrasted with the kinetic data, where the reduc
currents are 920:160:1.

The features under conditions of higher oxygen concentratio
the electrode surface are smaller than those when the oxygen
centration is severely limited. This is because there is not eno
oxygen in the gas phase to replace the surface oxygen spe
which are removed by applying cathodic overpotentials, under
oxygen-deficient conditions. The interfacial polarization increas
as the rate-determining step becomes the supply of reactive a
bate at the oxide surface. The trends shown in Fig. 6 would
seem to indicate that two different adsorbates are involved in
overall reduction pathway.

Shown in Fig. 7 are the impedance spectra of a symmetr
SSC/SDC/SSC cell measured in air, 1% O2 in N2 , and N2 . The bulk
resistance of the electrolyte remained constant at about 0.4V cm2

while the interfacial polarization resistance between the SSC e
trode and SDC electrolyte increased significantly as the gas
switched from air to 1% O2 and to N2 . The contribution of mass
transfer or charge transfer to interfacial polarization can be qua
tatively studied using the combination ofin situ pd-FTIRES and
impedance spectroscopy. Shown in Fig. 8 are the typical imped
spectra of an SSC/SDC/SSC interface measured in 1% O2 at 550°C
under the influence of the dc polarization, whereas the corresp
ing pd-FTIRES spectra under the identical conditions for these
pedance measurements were shown in Fig. 3b. Each imped
spectrum consists of two arcs, in which the low frequency
shrunk rapidly with increasing the dc polarization, implying that th
arc is closely related to the charge-transfer process, not the m
transfer process. The size of the high frequency arc was relati
insensitive to the applied dc polarization, suggesting that this
corresponds primarily to the bulk transport. Since the sizes of
low frequency arcs were much greater than those of the high

Figure 7. Impedance spectra of a symmetrical cell, SSCuSDCuSSC, mea-
sured at 550°C in air, 1% O2 , and N2 .
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quency arcs, the rates of the overall interfacial processes are
trolled mainly by the charge-transfer processes under these co
tions. This is consistent with the pd-FTIRES results as discus
earlier. Further details will be discussed in a subsequ
communication.15

Conclusions

In situ potential dependent FTIR emission spectroscopy is
pable of probing gas/solid interactions as electrochemical react
take place under practical conditions for fuel cell operation, prov
ing valuable information on surface chemistry and electrochem
processes of the cathodes without any modification. Usingin situ
pd-FTIRES we have found evidence for two, possibly three disti
dioxygen species present on the electrode surface. Broad spe
features are assigned to the electrochemical polarization-indu
changes in the optical properties of the electrode surface layer. T
to the authors’ best knowledge, is the first report of infrar
electroemission.

The combination ofin situ potential-dependent FTIR emissio
spectroscopy~pd-FTIRES!and impedance spectroscopy~IS! will be
a very powerful tool for investigating mechanisms of oxygen red
tion, allowing direct correlation between the phenomenological
havior of an electrode~as determined by IS! and its surface molecu
lar structures~as revealed by pd-FTIRES! under the actual fuel cel
operating conditions. This will provide us with information that h
never before been accessible, which is invaluable to rational de
of better catalysts/cathodes for oxygen reduction. Further, the th
and methodology developed for study of cathodes are also b
applied to the study of anodes in order to achieve rational desig
contaminant-tolerant anodes for SOFCs~to avoid carbon deposition
and sulfur poisoning!.
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Figure 8. Effect of dc polarization on the impedance responses measure
550°C in 1% O2 . The arrow indicates the increasing direction of the dc b
from 0 to 1.1 V with 0.2 V increment. The corresponding pd-FTIRES spec
under the identical conditions for these impedance measurements are s
in Fig. 3b.
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