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Solid oxide fuel cells (SOFCs) are potentially the most efficient and

cost-effective solution for the utilization of a wide variety of fuels

beyond hydrogen. One of the chief obstacles to true fuel flexibility

lies in anode deactivation by coking as well as a limited mechanistic

understanding of coking and its prevention. Here we report Raman

spectroscopic mapping and monitoring of carbon deposition on

SOFC anode surfaces under both ex situ and in situ conditions.

Carbon mapping was successfully demonstrated with a model Ni–

YSZ electrode exposed to a CH4-containing atmosphere at high

temperature (625 �C), while carbon deposition over time in a wet

C3H8 atmosphere was directly monitored on a similar anode system

as well as a BaO-modified system. This spectroscopic technique

provides valuable insight into the mechanism of carbon deposition,

which is vital in achieving rational design of carbon-tolerant anode

materials.
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Broader context

The rates of many chemical and energy transformation processes th

cells) are limited primarily by charge and mass transfer along s

understanding of these processes is still lacking, due largely to the dif

The development of new tools for probing and mapping surface ch

mechanisms of surface processes and to achieve rational design of ne

the relatively few in situ surface analysis methods, Raman spectrosco

at high temperatures. It can also be used alongside electrochemica

trochemistry to surface chemistry in an operating cell. Raman spec

Raman’s ability to detect relevant species and phases under in situ

mapping measurements would be most useful for pin-pointing im

significant progress towards this capability. The technique presente

storage and conversion systems that also involve carbon (e.g. batte

This journal is ª The Royal Society of Chemistry 2012
Solid oxide fuel cells (SOFCs) represent one of the cleanest, most

efficient, and most versatile electrical energy production systems.1

Unlike most other types of fuel cells, SOFCs may employ catalyst

materials that give them the ability to utilize both hydrogen (H2) and

hydrocarbon fuels by virtue of their high operating temperatures

(400–1000 �C). Thus, when using familiar fossil fuels as well as

renewable fuels, SOFCs can give access to greater energy harvests as

well as highly reduced emissions (e.g., CO2, SOx, NOx, and other

harmful species) as compared to conventional combustion.2–4

Unfortunately, supplying SOFCs with hydrocarbon fuels poses

many problems for systems using state-of-the-art material specifica-

tions, such as ceramic–metal composites (cermets) of Ni and yttria-

stabilized zirconia (YSZ). Ni, the most common active component of

anode materials used for SOFCs and for reforming of hydrocarbon

fuels, is very prone to carbon deposition on its surface, or ‘‘coking.’’5,6

Even supplying a conventional Ni-anode SOFC with the low-order

hydrocarbons (i.e. CH4 and C3H8) contained in natural gas tends to

result in very aggressive coking with blocking of active reaction sites

and quick anode performance degradation.3

To make SOFCs truly fuel-flexible and candidates for more

effective power systems, the issue of anode coking tolerance needs to

be addressed. Anode materials and structures beyond traditional

cermets have been explored by SOFC researchers to this end.3,4,7–12

Recently, a new material, BaZr0.1Ce0.7Y0.1Yb0.1O3�d (BZCYYb),

was reported to provide the anode with excellent tolerance to coking

under SOFCoperating conditions in the presence ofmoisture.3Other
at take place in energy storage and conversion devices (e.g. fuel

urfaces and across interfaces. Unfortunately, the mechanistic

ficulty of characterizing these processes under in situ conditions.

emistries relevant to electrode reactions is vital to unravel the

w materials for efficient energy storage and conversion. Among

py can be performed even in the presence of harsh atmospheres

l measurements, potentially allowing direct correlation of elec-

troscopy has been successfully used to map carbon ex situ, and

conditions has been demonstrated thus far. Still, proper in situ

portant reaction mechanisms. The current work demonstrates

d herein is applicable to in situ characterization of other energy

ries and pseudocapacitors).
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Fig. 1 Typical Raman spectrum collected in air from a spot on the

surface of a Ni coupon before (black trace) and after exposure to C3H8-

containing gas at 550 �C (red trace). The spectral band assignments

highlighting characteristic carbon features are indicated by the arrows.
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alternatives with appreciable coking tolerance, such as (La,Sr)

TiO3�d,
7,8 Sr2(Mn,Mg)MoO6�d,

9 liquid Sn,10 and Cu-based11,12

anodes, have been proposed as well. Unfortunately, the chief prob-

lems facing their applicability to fuel cell systems lie in physical,

chemical, and thermal incompatibilities with state-of-the-art YSZ

electrolyte, relatively high cost, and lower overall catalytic perfor-

mance. On the other hand, efforts have been made to improve the

coking tolerance of more conventional Ni–YSZ by modifying the

surface of Ni with nanostructured ‘‘islands’’ of BaO4 and Y-doped

BaZrO3 coatings.
13

Some questions remain on how such modification conveys coking

resistance to the anode. In the case of the BaO nanoparticles, one

hypothesis revolves around the considerable affinity of BaO for

water. According to DFT calculations performed for this material,4

nanoscale particles of BaO are capable of water adsorption. The

adsorbed water can subsequently dissociate and form hydroxyl

groups which may migrate to the Ni surface and assist in removing

carbon from the Ni surface that is deposited by the cracking or

pyrolysis of the hydrocarbon fuel. An improved understanding of this

tolerance mechanism, such as knowledge of how and where the

carbon deposits on the Ni electrode surface and how far away from

the nanostructures the carbon removal effect happens, is vital to

a more optimized design of coking-tolerant anodes. Obtaining such

information requires direct observation and quantification of the

carbon as it deposits on the anode surface under relevant operating

conditions.

Raman spectroscopy is a surface analysis technique ideally suited

for gathering this information. It possesses large flexibility in terms of

conditions under which it can be performed, including the harsh

temperatures and atmospheres inherent to SOFC anode operation.14

In addition, it is quite sensitive to a vast variety of chemical species,

including different forms of carbon,15–24 hydrocarbons,25 oxygen,26–28

and water.3,4 Moreover, Raman spectroscopy can potentially be used

alongside electrochemical measurements to probe surface species and

phases of interest (e.g. anode reaction intermediates and products),

allowing the direct correlation of electrochemical performance to

anode surface chemistry.

Raman spectroscopy has been shown to be an effective tool for

studying a variety of SOFC materials through a collection of recent

research efforts, including investigations of oxidation states in Gd-

doped ceria (GDC) electrolytes under reducing atmosphere,29

modification of glass sealants for SOFC systems,30 Cr poisoning of

cathodes for cells that have metallic interconnects,31 and H2S

poisoning of Ni-based anodes.32–34 In particular, studies of coking on

SOFC anodes operating under carbon-containing fuels have

demonstrated the sensitivity of Raman spectroscopy to carbon

species and its ability to distinguish between different forms of carbon

bonding.15–20,23 Walker et al. first developed and demonstrated

a Raman microscopy system that was capable of in situ detection of

coking on Ni–YSZ anodes.18–20 Since then, others have adapted this

methodology for similar investigations.21 In addition, surface-

enhanced Raman methods have been used to further increase the

sensitivity of Raman spectroscopy to carbon on anode surfaces.24

To truly understand coking-related degradation and tolerance

mechanisms for SOFC anodes, the ability to effectively map the

location and form of the deposited carbon with adequate spatial

resolution is needed. Yoshinaga et al. demonstrated ex situ Raman

mapping of carbon on Ni.22 In addition, Pomfret, Owrutsky, and co-

workers have developed near-infrared thermal imaging techniques
7914 | Energy Environ. Sci., 2012, 5, 7913–7917
for monitoring coking-related degradation in SOFCs operated on

alkane and alcohol fuels.20,35 In the current work, we report our most

recent efforts to expand upon this information even further by

improved mapping and monitoring of carbon deposited both ex situ

and in situ on Ni-based anodes with and without coking-tolerant

surface modifications. For comparison purposes, Cu anodes were

also evaluated. Cu anodes have been shown to be much less active

towards coking than Ni.12

Ni coupons were used to study how coking varies over a poly-

crystalline Ni surface. For a larger portion of this investigation,

electrodes having well-defined boundaries with YSZ electrolyte

material were employed to resolve phase boundaries. Further details

on sample preparation and analysis can be found in the ESI†.

Microscale patternedNi andCu strips that were deposited onYSZ

substrates using photolithography methods36,37 as well as a Ni mesh

embedded in YSZ served these purposes. In situ experiments were

performed using an environmental chamber designed for direct

Raman analysis of samples under high temperature and fuel gas

atmosphere (Fig. ESI-1†). This study puts some emphasis on

studying coking on Ni-based SOFC anodes from low-order alkane

fuels, namely CH4 and C3H8.

Fig. 1 displays a portion of a typical Raman spectrum collected ex

situ from a heavily coked spot on a Ni coupon following exposure to

C3H8-containing gas at 550
�C. Over the 1200–1750 cm�1 region, the

spectrum contains three primary features at 1357 cm�1 (‘‘D-band’’),

1585 cm�1 (‘‘G-band’’), and 1617 cm�1 (‘‘D0-band’’). The G-band

corresponds to C–C stretching that is common to all sp2-bonded

carbons, while the D-band and D0-band features reflect disorder in

the structure of the deposited carbon.16Raman features related to the

D-band were the focus of the ex situ mapping studies; although the

G-band was at times the spectral feature of greater intensity, some

samples contained YSZ, whose characteristic Raman spectrum

contains a broad peak in the same wavenumber range as the G-band

when collected at room temperature. A corresponding spectrum for

‘‘uncoked’’ Ni is also shown, although it is featureless due to the lack

of active Raman modes in the Ni metal itself.

Presented in Fig. 2a is an optical micrograph of a z100 mm wide

area on the surface of the same Ni coupon along with a Raman
This journal is ª The Royal Society of Chemistry 2012
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Fig. 2 (a) Optical micrograph of a Ni coupon after exposure to C3H8-

containing gas at 550 �C along with (b) a map of carbon D-band Raman

intensity (integrated from 1270–1445 cm�1) collected from the same area.

(c) Actual spectra from selected spots of the map. (d) SEMmicrograph of

the same Ni coupon. Note that some of the grain boundaries are indi-

cated by dotted red lines.

Fig. 3 (a) Optical micrograph of a strip-patterned electrode exposed to

CH4 gas at 625 �C. (b) Raman spectra and intensity map of the total

carbon signal collected in situ from the area marked in (a) at the 12 hour

mark during CH4 exposure. (c) SEM image of the patterned electrode

following CH4 treatment.37
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intensity map for the carbon D-band of the same area (Fig. 2b).

Example spectra from a few of the mapped spots are shown in

Fig. 2c. From the optical micrograph, varying areas of discoloration

with loose black particles in some places can be seen on the Ni

surface, suggesting different levels of coking within the imaged area.

The corresponding Raman map was plotted using a ratio of the

integrated intensity for the D-band (area under 1250–1445 cm�1) and

the background signal. A direct correlation between higher carbon

D-band intensities and higher levels of discoloration can be observed

from themap andmicrograph, indicating that theRamanmapping is

a viable semi-quantitative indicator of how the carbon distribution

varies across the Ni surface. This capability is important for under-

standing coking and the corresponding tolerance phenomena since

knowing where the carbon deposits give clues about the relevant

mechanisms.

These results indicate that initial coking was not homogeneous

across the nickel surface. By examining different areas of the surface

using scanning electron microscopy (SEM), we found clear grain

boundaries that appear to separate regimes of carbon deposition,

which was indicated by areas of dark discoloration (Fig. 2d). Since

this nickel coupon is polycrystalline and grains with different orien-

tations will exhibit different crystal planes when they are polished, it is

most likely that the heterogeneity in coking levels originated from

varying propensities for carbon deposition across different crystal

planes. A similar relationship between crystal plane orientations and

coking tendencies was reported previously.38 Finally, the micrograph

in Fig. 2d also shows that coking within some grains formed

discontinuous, non-solid-colored patterns. Since the sample exam-

ined had been exposed to C3H8 for a relatively short time, the

patterns observed might be related to the initial appearance and

growth of carbon nuclei in favorable locations. Besides the contrasts

shown in the optical image, SEM and Raman mapping, coking also

produced morphological distortions on the polycrystalline nickel

surface (Fig. ESI-2†).
This journal is ª The Royal Society of Chemistry 2012
On the other hand, of greater interest to those in the field of SOFC

research is where and how carbon actually deposits during coking

processes in multi-phase or composite anodes which contain Ni. To

address this issue, electrodes with well-defined boundaries vis-�a-vis

YSZ substrates31,32 were used in this work. A further demonstration

of ex situ mapping of carbon deposited on a strip-patterned Ni

sample is given in the ESI (Fig. ESI-3†). While the information

gleaned from the ex situ experiments is certainly interesting, similar

findings have been reported by others in previous studies.22,23

Furthermore, one could have reached the same information by more

conventional surface methods like electron spectroscopies. The true

advantage of Raman spectroscopy andmapping lies in the possibility

of in situ analysis of SOFC anodes; specifically, the technique can be

used to probe and map anode surfaces under cell operating

conditions.

For the current in situRamanwork, theNi andCu electrodes were

directly analyzed during exposure to typical CH4 orC3H8 fuel gases at

high temperature in an environmental chamber. To demonstrate the

Raman spectroscopy’s ability to spatially map carbon deposition

under in situ conditions, a strip-patterned Ni electrode was analyzed

while exposed to CH4 at 625
�C in the environmental chamber. After

12 hours of exposure, a map of the integrated intensity in the 1200–

1700 cm�1 range was collected from the area marked in Fig. 3a. The

integrated intensity from this range includes the D-band, G-band,

andD0-band. By comparing the spectrum in Fig. 1 with its analogs in

Fig. 3b, the high analysis temperature led to notable broadening of

the Raman features, reduction in intensity, and increased back-

ground noise from more thermal vibrations. These spectral changes

limited the amount of availableRaman signal, so the entire rangewas

used instead of a single Ramanmode in order to maximize success in
Energy Environ. Sci., 2012, 5, 7913–7917 | 7915
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detecting the total amount of carbon. In addition, these factors also

reduced the image resolution as compared to ex situ experiments.

Fortunately, as can be seen in these spectra, the YSZ band near

1600 cm�1 was not so prominent at high temperature; the suppression

of this band makes the deconvolution of the carbon signal into its

constituent bands, and therefore identification of the forms of carbon

present, an easier task.

Moreover, as Fig. 3b shows, the relevant signal was detected

almost exclusively from the Ni surface, indicating that coking pref-

erentially occurs there. This observation is supported by SEM

imaging over the same area that was performed after cooling down

and removing the sample from the chamber. As shown in Fig. 3c,

nodule-shaped particles were only visible on the Ni surface. These

particles were not present on the Ni surface before exposure to CH4

and were thus likely related to carbon deposition. The particle

deposition pattern appeared to be discontinuous, and the particles

themselves were only 10–100 nm in size.

The same atmosphere and temperature treatment was also applied

to YSZ pellets with Cu electrodes, and Raman spectra were collected

in situ from the Cu surface. Cu was chosen for comparison due to its

lack of strong catalytic activity towards carbon formation.12 As

expected, the acquired spectra confirmed that carbon formation does

not occur on Cu as aggressively as it does on Ni under the same

conditions (Fig. ESI-4†).

For subsequent demonstrations of the capability of Raman spec-

troscopy for in situ monitoring of carbon deposition at specific

microscale electrode sites over time, Ni mesh electrodes embedded in

YSZ were used in lieu of the strip-patterned electrodes. While the

strip-patterned electrodes served as an ideal test bed for an initial

fundamental demonstration of the ability to map deposited carbon

on anode surfaces, the mesh electrodes would ultimately be more

suitable for serving as functional anodes that could be simultaneously

characterized by Raman spectroscopy methods and electrochemical

testing; the mesh samples are easier to fabricate by conventional

ceramic processing and would allow for more efficient current
Fig. 4 (a) Optical micrograph of the Ni mesh embedded in YSZ. (b) The sam

15 hours. (c) Raman spectra collected in situ from the spots marked in (b) at

carbon Raman signal intensity collected over time from the green circle spot o

the BaO-modified Ni mesh and YSZ during the same C3H8 treatment. (f) Ram

7916 | Energy Environ. Sci., 2012, 5, 7913–7917
collection. Efforts towards coupling electrochemical SOFC tests with

the Raman techniques outlined here, while not covered in this work,

are ongoing.

For in situ experiments involving the monitoring of carbon depo-

sition on Ni mesh electrodes, C3H8-containing gas was used instead

of CH4 to provide amore aggressive test of coking resistance. The gas

was bubbled through water before entering the chamber in lieu of

electrochemically producing thewater at the electrode. Finally, theNi

mesh was modified with BaO using methods very similar to those

described in Yang et al.4 in order to promote water adsorption of the

anode and directly evaluate its effect on coking tolerance.

Fig. 4a displays an optical micrograph of an unmodified Ni mesh

electrode at 625 �C in reducing atmosphere (to prevent undesired Ni

oxidation) directly before introduction of C3H8. After C3H8 began

flowing into the chamber, spectra were collected periodically from

a spot on the surface of a sample of the Ni mesh. This spot is marked

by the green dot in Fig. 4b, which shows the mesh after 15 hours of

wet C3H8 exposure at 625
�C. Some extent of the damage to themesh

caused by coking can be seen in themicrograph by itself.Nonetheless,

Raman spectra collected from the Ni mesh and YSZ substrate

(Fig. 4c) once again demonstrated that a carbon signal was only

detectable on the Ni surface; the spectrum from the substrate showed

only YSZ features.

A plot of the change in relative carbon signal intensity over the first

few hours of exposure time is shown in Fig. 4d. The intensity of the

carbon signal increased as carbon built up on the surface of the Ni

from coking. The amount of detectable carbon signal eventually

leveled off after a few hours, which was likely due to the thickness of

the deposited carbon on theNi exceeding the penetration depth of the

Raman excitation. ANimesh samplemodified byBaOwas subjected

to the same experimental conditions. The surface of the modified Ni

sample during wet C3H8 exposure at 625
�C is shown in Fig. 4e. The

micrograph was captured at the 15 hour mark near the Ni–YSZ

interface. The spots that can be observed on the Ni surface were

confirmed to be the result of the modification treatment, since they
e embedded Ni mesh after exposure to C3H8-containing gas at 625
�C for

the 15 hour mark of C3H8-containing gas exposure. (d) Plot of change in

n the Ni mesh marked in (b). (e) Optical micrograph near the interface of

an spectra collected in situ at the 15 hour mark from spots marked in (e).

This journal is ª The Royal Society of Chemistry 2012
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were present on the modified Ni prior to any exposure to C3H8 and

did not change afterward. Fig. 4f displays Raman spectra collected

from the marked spots on the modified sample. The carbon signal

was not detectable even on the Ni surface in this case. In contrast,

spectra collected from both unmodified and modified Ni that were

simultaneously exposed to dry C3H8 at high temperature (see

Fig. ESI-5†) demonstrated nearly equal amounts of coking, indi-

cating that the BaO surface modification conveyed significant coking

resistance to the Ni only in the presence of water. This information

supports the hypothesis that BaO particles help utilize water to stave

off carbon deposition.

Raman spectroscopy has demonstrated great applicability in

mapping and monitoring carbon on Ni-based SOFC anodes under

ex situ as well as in situ conditions. Direct evidence of preferential

coking on the Ni surface with little to no coking YSZ was provided,

and the growth of carbon on the Ni surface was successfully moni-

tored over time at high temperature. In addition, this technique

provided additional evidence of the roles that water and BaO

modification play in coking resistance on the Ni anode, which is

useful information for further improving the anode design.

The electrodes with well-defined boundaries used in this work

facilitated the mapping and monitoring experiments. These types of

electrodes, particularly the mesh design, can be readily applied to

Raman experiments involving the application of both chemical and

electrochemical stimuli. Current efforts are focused on coupling

electrochemical measurements with the Raman techniques described

herein to gain additional insight into the mechanisms of coking and

its prevention on the SOFC anode.
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