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SERS provided by sputtered silver was employed to detect trace

amounts of chemical species on SOFC electrodes. Considerable

enhancement of Raman signal and lowered detection threshold

were shown for coked nickel surfaces, CeO2 coatings, and cathode

materials (LSM and LSCF), suggesting a viable approach to

probing electrode degradation and surface catalytic mechanism.

While solid oxide fuel cells (SOFCs) offer a promising solution for

efficient, direct conversion of a wide variety of chemical fuels to

electricity,1,2 they are yet to be commercialized on a large scale.

The obstacles to commercialization include high cost associated

with the high operation temperature required to enhance electrode

activity and inadequate stability due to materials degradation.

To make SOFC technologies economically competitive, a funda-

mental understanding of the reaction mechanism(s) taking place

at the SOFC electrode surface is required to rationally design

more efficient materials at low cost. By understanding how the

electrochemical reactions are catalyzed and how the electrode

loses activity over time, researchers may be able to tailor the

materials for best performance and stability of SOFCs.

To address the issue of insufficient electrode activity, surface

modifications have been widely employed in SOFC electrodes.

For example, decorating an La1�xSrxCo1�yFeyO3�d (LSCF)

cathode backbone with certain nanoparticles such as

Sm1�xSrxCoO3�d (SSC) and Ce1�xSmxO2�d (SDC) reduces

the polarization resistance;3,4 while coating the LSCF surface

with La1�xSrxMnO3�d (LSM) improves the long-term stability.5

On the other hand, the degradation of the electrodes is usually

accompanied by formation of undesired species on the electrode

surface, which is particularly prevalent in SOFC anodes, such

as the carbon deposition after operating with hydrocarbon

fuels6 as well as nickel sulfide and adsorbed sulfur after being

exposed to a sulfur contaminated fuel.7–9

Both effective modification agents and degradation-induced

species could be present in trace amounts, which become

extremely hard to detect using conventional characterization

tools due either to lack of chemical sensitivity and surface

specificity or to limited applicability under in-situ conditions.

Vibrational spectroscopy, a family of techniques including

Raman and FTIR, is sensitive to chemical structure and

has been successfully employed to study SOFC electrodes

previously.8,10–15 In particular, under the right conditions,

Raman spectroscopy is able to inspect the phase evolution

and reaction intermediates on the very top of the electrode

surface.16,17 However, the inherently low sensitivity of Raman

precludes probing species present in trace amounts on the

SOFC surface that are connected to cell performance.

Surface enhanced Raman spectroscopy (SERS) has been

recognized as a powerful tool in analytical chemistry, parti-

cularly for identification of chemicals adsorbed onto the sur-

face of coinage metals like Au, Ag, and Cu.18,19 However, we

are unaware of any other application of SERS for the analysis

of SOFC electrodes besides some preliminary exploration in

our group.10 This is likely in part due to the fact that the

common electrode materials used in SOFC (e.g. Ni and LSM)

are not SERS active themselves. Therefore, enhancement must

be provided by deposition of coinage metal particles.20,21 The

methodology of applying SERS active materials to enhance

the Raman signal of the substrate has been successfully

implemented to study graphene and carbon nanotubes,22–24

the studies of which have similar obstacles to SOFC electrode

investigations.

Preliminary results shown by our group have demonstrated

SERS on SOFC electrodes through co-deposition of silver

with the material of interest by combustion chemical vapor

deposition, loading coinage metal colloids and sputtering

deposition of silver,10 following previous techniques developed

to introduce SERS for non-coinage metal substrates.25–27 The

co-deposition method cannot be used to study a real SOFC

electrode, because the silver is introduced in the fabrication

stage and may disturb the electrochemical reaction on the

electrode surface. Introducing SERS by metal particle colloids,

on the other hand, requires pretreatment of the substrate which

may wash out the small amount of species we are interested in,

and the stabilizing agents in the colloids may generate misleading

Raman peaks. To study the electrode surface with minimal
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disturbances introduced into the system, the physical vapor

deposition seems to be the optimal choice.

In this study, DC magnetron sputtering was employed to

load silver nanoparticles as the SERS agent, and the para-

meters were explored to reach an optimal condition for the

Raman signal of the underlying substrate. We systematically

explored the parameters of the silver sputtering, particularly

the working pressure and deposition duration, to reach an

optimized condition for SERS. The Raman enhancement was

evaluated using standard carbon films fabricated by thermal

evaporation. The carbon films exhibited a broad Raman band

across 1200 cm�1 and 1600 cm�1 of relatively uniform intensity;

this wide band consists of a D band and a G band that were

each significantly broadened due to the amorphous nature of

the evaporated carbon films.28 The enhancement factor (EF)

for each sputtering condition was calculated by the ratio of

the enhanced peak intensity to the normal intensity of the

combined D band and G band. Furthermore, the morphology

of the silver overlayers was inspected by SEM and the optical

properties by UV-Vis absorption spectroscopy, which were

found closely related to the SERS performance. A more

detailed discourse of the parameter optimization and the inter-

pretation of the relationship between their physical properties

are presented in the ESI.w
The enhancement factors with respect to different loading

amounts of silver and the characteristic Raman spectra of the

carbon films before and after enhancement are shown in

Fig. 1. The EF reached a maximum when the silver loading

was appropriate. The EF peaked at a different loading amount

depending on the excitation wavelength. The best EF for the

514 nm laser was B14 with 180 s duration, while the best EF

for the 633 nm laser was B9 with 240 s of silver deposition.

The enhanced Raman spectra of carbon for each of these two

‘‘optimal’’ conditions are illustrated in Fig. 1(A) and (B) along

with the normal Raman spectra for comparison. These results

indicate that the sputtered silver is capable of enhancing

the Raman signal of the underlying substrate, and that the

enhancement factor can be well controlled by adjusting the

sputter parameters. The latter point is discussed in the ESI.w
To compare the silver patterns created in this study with the

SERS substrates in other studies, Rhodamine-6G (R6G), a

commonly used SERS indicator, was employed. To make sure

that the surface concentration of the R6G molecules was well-

controlled, equal amounts of R6G solution were loaded into a

space on the substrates with a well-defined area. A similar

method was used in a previous SERS study, and good uniformity

of surface concentration could be attained.29 The Raman spectra

were collected after the evaporation of all the liquids, and a

nominal surface concentration could be calculated by dividing

the total loading amount by the loading area. As shown in

Fig. 2, the characteristic Raman peaks of 7 � 10�12 mol cm�2

R6G loaded on the SERS substrate can be distinctively observed;

while for the blank substrate, despite the nominal surface

concentration being three orders of magnitude higher

(7 � 10�9 mol cm�2), the R6G peaks are barely distinguishable.

Based on the intensity of main R6G peaks (1390 cm�1), taking

into account the surface concentration of R6G molecules, the

enhancement factor is estimated to be 4 � 105, which roughly

matches figures reported by similar studies.30 We noticed that the

EF for R6G is several orders of magnitude higher than the EF

for carbon. This can be explained by the bulk of the carbon films

contributing a large part of the original Raman signal and by the

fact that carbon does not selectively adsorb onto the Ag. More

discussion on the calculation of enhancement factors is presented

in Section B of the ESI.w
The Ag nanoparticle deposition conditions that we found to

afford the optimal SERS spectra were 180 s and 240 s deposition

Fig. 1 (A, B) The comparison of SERS spectra and normal Raman

spectra of the evaporated carbon film, with 514 nm and 633 nm laser

excitations. The SERS is provided by silver depositions of (A) 180 s and (B)

240 s; the normal Raman spectra are magnified by 3 times to display the

detailed features of the baselines. (C) The enhancement factors measured

from samples with a series of silver deposition times (60 s, 120 s, 180 s,

240 s, 270 s and 300 s); the thin lines in (C) are to guide the eyes.
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duration under a working pressure of 2.5 Pa and a target

output power of 8 W, for the 514 nm and 633 nm laser

excitations, respectively. These conditions were used to apply

SERS tests to realistic SOFC material systems. To demon-

strate this type of applicability, we chose a coked nickel sample

to represent the anode post-operation, the electrochemically

deposited CeO2 on nickel foil as an example of surface

modification, and two of the most common cathode materials

(LSM and LSCF).

A polished nickel coupon, which was exposed to propane as

described in the ESIw, was investigated using normal Raman

and SERSwith 633 nm excitation. As shown in Fig. 3(A) and (D),

patches of carbon deposition formed on the nickel surface.

Raman spectra of each of these domains are shown in

Fig. 3(B) and (C). Under normal Raman, only the dark region

has the carbon signal, while the bright region does not have

any features with an appreciable signal-to-noise ratio. After

silver deposition for 180 s, the carbon signal in the dark region

(Fig. 3C and F) increased by several folds. More prominently,

carbon peaks appeared sporadically in the light regions

(Fig. 3B and E). The SEM images under high magnification,

which were collected before any silver deposition, show that

the dark regions were fully covered in carbon, while in the

bright region only some white dots formed on the surface,

which might be indicative of the early stages of carbon

deposition, as shown in Fig. 3(E) and (F). Since these early-

stage coking nuclei were only present on part of the light

regions, it is consistent with the observation that the carbon

peaks on the light region were non-uniformly distributed.

An evaluation of the enhancement factor was performed on

the fully developed coke patches. The D band has a net

enhancement of 8.8 times and the G band has 8.1 times. This

EF value is quite close to what we collected on evaporated

carbon (B7.7 for 633 nm laser excitation). Additionally, the

higher enhancement of the D band over the G band is con-

sistent with the theoretical prediction, since the surface plasmon

resonance peak wavelength of the silver particles (520 nm) is

closer to the D band (691 nm) than the G band (703 nm).

A nominal enhancement factor of the lightly coked regions

cannot be reliably estimated because of the lack of background

intensity, but it should be much higher than that acquired on

the fully coked regions. This enhanced sensitivity to low

concentration of carbon implies that once it is optimized, SERS

could be a viable approach to detecting incipient phase

formation of carbon on anode materials. As is well known,

one of the most prominent advantages of SOFCs over other

types of fuel cells is the potential for direct conversion to

electricity of low-cost hydrocarbon fuels or gasified coal and

other carbonaceous fuels (e.g., biomass). To realize this potential,

however, the anode must resist coking. Detecting incipient

carbon formation on anodes under different conditions is vital

to gaining insights into the mechanism of carbon deposition and

thus to rational design of coking-tolerant anode materials.

Besides carbon, SERS was applied to other SOFC related

materials which are critical for the study of surface chemistry

of the electrodes. Shown in Fig. 4(A) is an application of

SERS on the detection of cerium oxide, which is used as a

modification agent for the nickel anode, a well-studied

approach to enhance carbon and sulfur tolerance.31,32 The

very thin layer of CeO2 could not be clearly identified by either

SEM or normal Raman spectroscopy. After the application of

the SERS agent, CeO2 peaks manifested. The capability to

detect such a small amount of material will allow us to further

investigate the catalytic properties of the surface modification

of the SOFC electrodes.

The SERS application on cathode materials is displayed in

Fig. 4(B) and (C). The Raman spectra collected from both

LSCF pellets and LSM thin film were significantly enhanced

after SERS conditioning. It is worth noting that the normal

Raman signal of both materials was very weak, because LSCF

and LSM belong to theR%3c space group,33,34 which represents a

near-cubic perovskite phase that has little Raman activity. Since

the two materials share a similar phase, their Raman bands are

in similar positions. The LSCF signal was enhanced by a rough

factor of B11, and the EF of the LSM signal was B6.

The surface specificity of SERS was demonstrated by the

LSM thin film sputtered on the YSZ substrate. As shown in

Fig. 4C, the normal Raman spectrum shows both LSM and

YSZ peaks, because a signal was detected from underneath the

film since the LSM film was only 100 nm thick. YSZ is much

more Raman-active than LSM, so the YSZ peak was stronger

than that of LSM even though the source of the signal was

buried. After the silver nanoparticles were applied, the LSM

peaks significantly grew in size, while the intensity of YSZ

remained roughly the same. Therefore, the Ag treatment granted

some level of surface specificity to the Raman analysis since only

the signal from the thin film on top was visibly enhanced. This

feature can provide a capability to detect phase evolution on the

cathode surface with superior surface sensitivity, potentially

contributing to studies on cathode degradation.

Again, the enhancement in sensitivity to cathode materials

(LSCF and LSM) has important implications. To date, the

development of new electrode materials for SOFC is still

Fig. 2 The Raman spectrum collected from R6G loaded onto SERS

substrate (240 s silver loading) with a nominal surface concentration of

7 � 10�12 mol cm�2 along with the control spectrum obtained from

R6G loaded onto blank silicon with nominal surface concentration of

7 � 10�9 mol cm�2. Inset is a magnification of the control spectrum,

showing a weak R6G main peak at 1390 cm�1, which is labeled by (*).

The broad hump between 900 cm�1 and 1000 cm�1 is associated with

the silicon substrate.
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largely based on experience and intuition rather than scientific

models, due largely to the lack of a fundamental understanding

of the electrode processes, which are determined by the

chemistry and structure of electrode surfaces. It is hoped that

SERS with high sensitivity to electrode materials may be

a powerful probe to surface composition and structure of

electrode, providing critical information for unraveling the

mechanism of electrode processes.

In summary, SERS active silver nanoparticles were fabri-

cated through DC sputtering. By using pre-deposited carbon

films as the standards, the net enhancement factors were

systematically evaluated. Through exploration of the sputter

parameters, an optimal condition was found that gives 14 times

of net enhancement. Furthermore, the enhancement factor

evaluated by R6G molecules was about 4 � 105, comparable

to the value attained in previous studies. The optimal SERS

treatment was applied to real SOFC materials. By applying

SERS sputtered silver onto the nickel surface after hydro-

carbon exposure, the carbon signal was enhanced by 8–9 times.

Carbon peaks appeared at some regions where it was absent

before silver loading. The application in LSM and LSCF

showed distinctly enhanced Raman signals after silver sputtering,

manifesting the potential to the application on general cathode

materials. Our technique demonstrated the capability of

detecting surface species present in trace amounts on SOFC

electrode surfaces and as well a good surface specificity, which

are critical for the future research to understand the catalysis and

degradation mechanism of SOFC electrodes.

Direct application of SERS for high temperature fuel cell

systems35 is an attractive direction for further study. However,

the coinage metal nanoparticles treated by high temperature

usually lose their activity for Raman enhancement, mostly due

to the agglomeration and shape change.36 We noticed the

recent development of SERS substrates with inert robust

Fig. 3 SERS effect on the hydrocarbon-exposed nickel surface. (A) Hydrocarbon-exposed nickel surface under an optical microscope and (D) the

SEM picture with low magnification, both showing the patches of carbon deposition. (B) The Raman spectroscopy of the light region and (C) of

the dark region before and after silver sputtering. (E) The high magnification SEM of the light region and (F) of the dark region. SEM images D, E,

and F were taken before any silver deposition. All Raman spectra were collected with 633 nm laser, and the silver deposition duration was 180 s.
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coating (e.g. Al2O3 or SiO2)
37–39 that can sustain high temp-

erature or other harsh environments without agglomeration or

shape change. These techniques will be further explored in

future work for the in situ characterization of SOFC electrodes

and general electrochemical interfaces.
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