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Raman spectroscopy is a noninvasive and highly sensitive analytical technique capable of identifying chemical
compounds in environments that can mimic SOFC operating conditions. Here we demonstrate the use of
Raman spectroscopy to perform local thermal and temporal measurements, both of which are essential if
phase formation diagrams are to be mapped out and compared to thermodynamic phase stability predictions.
We find that the time resolution of the Raman technique is more than sufficient to capture essential dynamic

effects associated with a change of chemical composition.

I. Introduction variable gas environment and temperature is an encouraging
step forward toward better characterization and understanding
of these materials. Before presenting these results, we present
g & short review of how Raman has been applied to the study of
SOFCs along with a description of existing ways of mapping

in the development of intermediate temperature (IT) SOFCs temperature distribution in fuel cells and the theory behind using

operating at a reduced temperature of between 773 and 973%@man Spectroscopy as a temperature probe.
K.2-4 By lowering the operating temperature, one can use a A. Raman SpectroscopyRaman spectroscopy is a material
wider range of materials that allow cost-effective fabrication, Specific analytical technique that offers sample identification
particularly in relation to interconnects and balance-of-plant capabilities down to micron spatial resolutions. It is extremely
components. There are several potential electrolyte materialsflexible as any excitation wavelength may be used unlike
with suitable properties for IT-SOFC$. Gadolinium-doped fluorescence and it is noninvasive. The application of Raman
ceria (CGO) is a promising candidate that is widely dsgd  to the study of functioning SOFCs is relatively limited and has
and is used in this demonstration investigation. only been used relatively recently through the pioneering work
Understanding the processes which reduce the efficiency andat the University of Maryland for the study of SOFCs under
lifetime of the SOFC is important for developing strategies to practical operating conditions, and even then only for high-
minimize their effect. Redox cycling and the formation of temperature SOFCs based on YSZ electrol§té.

secondary compounds are both deleterious to long-term opera- Raman has been applied to the study of many oxide materials
tion. Monitoring the degradation of fuel cell materials is which are of interest as possible electrolytesdany studies
challenging because the high operating temperatures present @ave been carried out on doped Ceria nanopowd@Raman
challenge forin situ study of the reactions and processes has been shown to be highly sensitive to size and dispersion of
occurring within a SOFC during Operation. Optical teChniqUES the nanopartidészz as well as to the dopmg concentrati&n.
such as IR and Raman spectroscopy are both known to berRaman has also been shown to be a powerful tool in the study
powerful tools for the study of SOFCs under operational of nanograin confinement effects, the effects of local temperature

conditionst®~** In this paper we show that, as well as being and strain as well as substitutional and nonstoichiometry effects
useful to determine local temperature, Raman spectroscopy canp such samples.

also be used to map out the phase stability of the free surface
of the anode materiah situ and at temperature for CGO based

materials. These first results are certainly encouraging as they
show that the method could be employed widely to understand

. . : i 2,16,17 . R . P i
such issues as carbon poisontfigulfur poisoning; or of time during operation. Under such conditions the oxides are

iti i 20
conditions that promote coke formati#h*® We show how reduced, depleting their oxygen content leading to a reduction
Raman can be used to probe the electrolyte surface temperature

. e S in the ionic conductivity and an increase in the electronic
and to monitor the temporal variation of the oxidation state of S og . g, .
X .. conductivity?® Consequently, their efficiency in the SOFC
CGO. Local temperature and local chemical composition

. . ) . . ) significantly decreases. Previous Raman measurements on YSZ
information captured at high spatial resolution as a function of - o
showed that the Raman signal changes significantly upon the

* Corresponding author. Electronic address: Robert.Maher@imperial. feduction of the electrolyte with the change being attributed to
ac.uk. an increase In oxygen vacancfés.
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The solid oxide fuel cell (SOFC) is a solid-state energy
conversion device that operates in the range-94873 K and
shows particular promise for stationary combined heat an
power generation applicatioAddvances have also been made

Understanding how these oxides behave under operational
conditions is of great importance particularly for the optimization
of their performancé*25These materials are exposed to highly
reducing atmospheres at high temperatures for prolonged periods
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B. Temperature Measurement. Significant temperature
variations occur within SOFCs during their operation which can
severely limit their performance and lifetiri@ As a result,
accurate measurement of the temperature distribution within the
SOFC system is an important research and diagnostic tool.
Temperature is typically measured using thermocouples or
thermistors with varying degrees of sophistication. The applica-
tion of infrared thermal imaging to the study of SOFCs was
recently demonstrated. Temperature increases of up to 2.5 K
were measured for polarized CGO pellet cells with an accuracy
of 0.1 K and a spatial resolution of 0.5 mm. Accurate
measurement of absolute temperature is limited for infrared
thermal imaging by the need to know the emissivity of the

surface. Raman spectroscopy is not constrained in this way and
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offers a promising alternative means of measuring temperatureFigure 1. Experimental setup showing the gas supply to the heated

in operational SOFCs at high spatial resolution.

Both Raman peak position and width are affected by changes
in temperature, due to the anharmonic nature of vibrational
modes®® As a result, the precise peak position or width may be
used to estimate the temperature of the surface. Pomfret an
co-workers have used the peak position of YSZ as a probe of
temperaturé? Generally, the specific anharmonicity of indi-
vidual modes will be different and thus the variation of the peak
position and width as a function of temperature must be
calibrated first. Because of this, care must be taken when
comparing Raman measurements of similar samples from
different systems, as the experimental conditions of different

measurements such as the calibration of the system and the exaﬁ‘g

temperature of the samples can have significant effects on
recorded spectra.

The ratio, p, of the intensity of the anti-Stokes to Stokes
modes is also extremely sensitive to temperatiifé.Under
normal nonresonant conditions the intensity of a given Stokes
mode,ls, is dependent on the intensity of the lader,and the
scattering cross-section, of the vibrational mode in question,
giving Is = ol.. The intensity of the anti-Stokes modks is
not simply dependent oo andI_ but also on the vibrational
population of the vibrational mode at the time of the measure-
ment. The population of the vibrational mode is given by a
Boltzmann distributionn = exp(—hw\/ksT), which is dependent
on the temperature of the samplE, and the energy of the
vibrationw,. A andkg are the usual constants. As a re$pdt=
ol exp(~hw,/ksT). Taking the ratio ofs andl,sand including
the standard wavelength dependence of Raman processes, (
+ o) (oL — wy)4, gives

4gholkeT

)

Itis clear from this equation that low-energy vibrational modes

p= (0, + o), — o)

stage.

Raman measurements were taken using a Renishaw RM-2000

CCD spectrometer equipped with a Linkam temperature control
tage, which allowed the temperature and atmosphere to which
he sample is exposed to be controlled. Spectra were obtained
using a x50 long working distance objective, which allowed
the laser to be focused on to the samples surface to a spot size
of approximately 1.5um. Measurements were taken using a
633 nm HeNe laser with approximately 5 mW of laser power
at the focal point. The integration time was optimized for each
sample to give the maximum signal-to-noise ratio possible and
ill be reported in the description of the individual results.
aman spectra were obtained from the samples between the
temperatures of 300 and 873 K as reported by the Linkam stage
controller. Spectral features were background corrected and
fitted to mixed Gaussian and Lorentzian modes using the
Renishaw Wire software. The extracted data were further
analyzed using Origin 7.5. The anti-Stokes/Stokes ratio was
calculated using the integrated intensity of the Raman modes
as both the intensity and line width change with temperature.
The system was calibrated before each measurement to the 520
cm~! mode of silicon to make the measurements as consistent
as possible. However, the precise position of this mode is
dependent on the temperature of the sample when the measure-
ment is made, which may vary slightly from day to day.

Figure 1 shows the test system set up for the delivery of gas
to the samples in the furnace. The test system allows different
compositions of KB, N, and HO to be introduced to the sample.
The H, and N gas lines (99.99%, BOC, U.K.) connect to
calibrated mass flow controllers (Bronkhorst, U.K.) that are
available for gas flow rates ranging from 2 to 100%min~ 1.

After passing through the mass flow controllers, theadd N>
lines are combined and the,Ml, line passes through the

that are close to the laser and have large Raman cross-sectionsumidifier, which is a bubble column situated inside a ther-
are ideal for the measurement of anti-Stokes/Stokes ratios. It ismocirculator bath, to saturate the gas with water to a level of
then trivial to extract the temperature of the sample from such 3%, giving the requisite gas composition in the heated chamber.
a measurement using eq 1. A dry air line (BOC, U.K.) is also available and directs to the
test chamber. During the measurements, the gas composition
was flowed through the cell at a rate of 100&min—1.

In studying the CGO sample under reducing conditions,
pellets were heated to 873 K in nitrogen (3% and allowed
to thermalize for 30 min before beginning to flush the stage
with 97% H (3% H;O) at 100 cn® min~t. The 460 cm! CGO
peak was monitored continuously as the stage was flushed with
H, with a 1 sintegration time.

Il. Experimental Section

Cylindrical electrolyte pellets of yttria-stabilized zirconia
(YSZ) were produced by uniaxially pressing YSZ powder (8%
mol Y,0s, Tosoh, Japan) at 1 tonne for 30 s, followed by
sintering at 1723 K in air for 5 h, and pellets of gadolinium
doped ceria (CGO) were produced by uniaxially pressing CGO-
10 powder (CgdGdy 101 05, NextTech Materials) at 1 tonne for
30 s, followed by sintering at 1573 K in air for 5 h. In each
case, dense pellets with a calculated density~86% were
produced that had a thickness sfL mm and a diameter of
~12 mm.

IIl. Results and Discussion

Figure 2 shows the Raman spectra of the (a) YSZ and (b)
CGO electrolytes taken using the 633 nm laserhvat 1 s
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Figure 3. Experimental anti-Stokes/Stokes ratio for the dominant mode

of CGO as a function of temperature for two different measurements.

(Inset) anti-Stokes and Stokes spectra taken at 313 K (dashed line)
and 873 K (solid line).
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the same time given the large difference in energy between them
as was the case here. The anti-Stokes/Stokes ratio can be
significantly affected if the temperature of the sample changes
between the measurement of the two modes. One final source
of error is introduced by the thermal expansion of the sample
as it is heated. The laser must be continuously refocused as a
, , result of thermal expansion changing the collection optics which
300 450 600 can introduce artifacts. Such artifacts are visible in the anti-
. -1 Stokes/Stokes data for both measurements where small steplike
Raman shift [cm ] features can be observed due to the refocusing. These features
Figure 2. Raman spectra of (a) YSZ and (b) CGO taken using the are not reproducible and render the aS/S method unusable for
633 nm laser at full power and a 10 s integration taken at 300 and 873 temperature calibration purposes. Despite these difficulties it
E'EN doi;%:gﬁclgr%etgéﬁgrzrgt:g;nrall?]tensny between the two spectra and g attractive to think that the anti-Stokes/Stokes ratio could be
P ge- used to characterize the discrepancies between the reported

integration time at 300 and 873 K. The Raman cross-section of temperature and_ the surface temperature resulting from a
YSZ is clearly much smaller than that of CGO. The spectral {€Mperature gradient. o

features of YSZ are also quite broad making the extraction of _ The anti-Stokes/Stokes ratio is not the only property of a
temperature information difficult. The spectrum of the CGO Raman spectrum that changes with temperature. The position,
sample in contrast is dominated by the well defined, intense Width and intensity of the Raman modes will also change. The
F.y Raman peak centered at approximately 460%cfhrough- ability to measure the temperature of a sample ba_sed on its
out the rest of this paper, we will refer to this dominant mode Raman features is dependent not only on how well-defined those
of CGO as the 460 crt mode, although it will appear at slightly features are but also on the rate at which that spectral feature
different positions depending on the specific conditions of each changes with temperature. Figure 2 not only shows that the 460

5000

measurement. cm! mode of CGO remains intense as the temperature increases
Temperature information is commonly extracted from Raman but also shows that there is a strong change in peak position.
spectra using the anti-Stokes/Stokes réti#. The 460 cm? Figure 4 shows how the position of the 460 thmode of

mode of CGO is ideal in this case as it is very intense and CGO changes as a function of temperature for the same two
relatively close to the laser’s frequency, so minimizing the scan measurements shown above in Figure 3. The peak positions start
time. The sample was heated from 313 to 873 K in air, to ensure at the same position at low temperature but diverge as the
the oxidation state of the sample was stable during the temperature is increased. This is again due to the difference in
measurement. Raman spectra were takenyeve using an thermal contact between the samples and heater element. The
extended scan from-600 to+600 cnt? to include both the ~ upper inset shows an expanded view of the range between 775
anti-Stokes and Stokes modes with an integration time of 30 s.and 875 K for one of the data sets. Over this range the
The inset to Figure 3 shows the anti-Stokes/Stokes spectra a€xperimental data are well approximated by a linear fit given
high and low temperature. At 300 K the aS signal is small and by P = Bx+ A, whereP is the position of the Raman ped,

at high temperature the peaks are highly broadened. Figure 3is the rate at which the position of the peak changes with
shows the anti-Stokes/Stokes ratio calculated from the integratedtemperature, and is the position of the peak at 0 K. For this
intensities of the Raman modes for two measurements madeelectrolyte material, experiments relevant to fuel cell operation
on different samples. There are several sources of experimentaWill typically be performed within the temperature range covered
error. First, the measurements were taken using different samplegn the upper inset of Figure 3.

on different days and the differences between the measurements Clearly the position of the peak varies with temperature far
are due to variations in the quality of the thermal link between more reliably than the anti-Stokes/Stokes ratio. Several mea-
the heating element and the sample. Second, it is not usuallysurements were performed between 773 and 873 K on the same
possible to measure both the anti-Stokes and Stokes modes asample to test the reproducibility of the peak shift method when
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Figure 4. Position of the dominant mode of CGO as a function of 'E Phase Changesé:_.’
temperature. (Top inset) position of the dominant mode of CGO over o ; :
a restricted range with a linear fit. (Lower inset) repeated temperature s :
ramp measurements of CGO between 795 and 830 Kavit K (open c 481r _ AN .
squares) ah 5 K (solid triangles) resolution on the same sample. . o :
2 H, build up |
TABLE 1: Values of Different Temperature Ramps a . :
Performed between 773 and 873 K, Wheré Is the Rate at o in chamber :
Which the Position of the Peak Changes with Temperature. o 460 |- i
ID T (K) Tinterval (K) integration (s) B,cm¥K K4 ;
1 798-848 1 30 ~0.02 Py
2 798-848 1 30 —0.02 o ,
3 773-873 5 30 —0.02 459 : : : ! : : —
4 773-873 5 30 ~0.02 0 200 400 600 800 1000
5 773-873 5 30 —0.02 H
6  773-873 5 90 —0.02 Time [S]
7  773-873 5 90 —0.02 Figure 5. Peak (top) area and (bottom) position of the 460 tmode
8 773-873 5 90 —0.02 of CGO as a function of time after beginning to flush the stage with
9 773-873 5 90 —0.02 100% H gas at 873 K. (Top inset) predicted oxidation state of ceria at
10 773-873 5 90 —0.02 873 K as a function piHand pHO.

the thermal link is unchanged. Most were carried out using a  Itis clear from these results that Raman is particularly suited
interval d 5 K between measurements but two were carried to the study of CGO samples at temperatures relevant to IT-
out with a 1 Kinterval. The lower inset of Figure 4 shows the SOFC operation and can be used to determine the temperature
position of the 460 cm! mode as a function of temperature for  Of the samples surface with a spatial resolution of approximately
two measurements carried out on the same sample consecutivelyl «m. With our current Renishaw system a temperature
one with a 1 Ktemperature resolution and the atre5 K resolution of £2.5 K is attainable (as described using the
temperature resolution. These two measurements show that th&Xtrapolation method above); however, with higher resolution

rate of the change of peak position with temperature is SyStems (with longer focal lengths) this may be improved by at
reproducible. least a factor of 10.

Table 1 summarizes the results of two measurements betwee e now turn to the complementary measurements using the
798 and 848 K with a resolutiorf & K and eight measurements Raman technique to probe the oxidation state of the electrolyte.
. . The nonstoichiometry of ceria has been studied extensively and

performed between 773 and 873 K with a resolution of 5 K. Y Y

" - has been found to be a function of the dopant type and
;I'he (rj‘ate k?f change ?f ths p05|t|r(])n of the 460 féEnode was concentration, temperature, and gas composffidderia can
ound to be extremely robust. The accuracy of the temperature o (aduced in the presence of kb give a number of non-

extracted from the peak position is directly proportional to the ¢isichiometric forms of CeQ,, where 1.7< 2 — x <23435

accuracy to which the position of the mode can be determined, athough much work has been done, real time studies of surfaces
which is in turn related to the resolution of the Raman system, o glectrodes and electrolytes under fuel cell operating conditions
how well defined the mode is, and how strongly it depends on g lacking. The inset of the top panel of Figure 5 shows the
temperature. In our case the absolute resolution of the instrumentpredicted oxidation state of ceria from thermodynamic phase
is 0.9 cn!, which means the absolute temperature value is stability predictions at 873 K as a function ptand pHO
known within £22.5 K only. However, the evolution of the  calculated using HSC Chemistry version 5.1. Although the
peak with temperature is a smooth and well-defined function. presence of gadolinium dopant is likely to affect the exact phase
The lower inset to Figure 4 shows that we are able to resolve properties, the thermodynamic analysis shows that we might
small changed in the peak position (of the order of 0.02%9m  expect there to be three possible phases within the realm of the
that translate to a temperature resolution of the order of 1 K. operating conditions imposed on the system, those being: (A)
This means that although the precision of the instrument only CeQ, (B) CeQ g5 and (C) CeQ@7».

allows us to know the absolute temperature-22.5 K, we are To observe the CGO sample under reducing conditions, we
able to resolve relative changes in temperature to withK as first heated it to 873 K in nitrogen (3%48) and allowed it to

we map across a sample. thermalize for 30 min before beginning to flush the stage with
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