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Raman spectroscopic study of the carbon deposition 

mechanism on Ni/CGO electrodes under CO/CO2 electrolysis  
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In situ and ex situ Raman analysis of porous Ni/CGO 

electrodes reveal differences in amount, location and 

type of carbon formed during CO/CO2 electrolysis. The 

results demonstrate the limitations of optical in situ 

techniques applied to Solid Oxide Cells (SOCs) 

operated in electrolysis conditions. Increased carbon 

deposition close to the electrode-electrolyte interface is 

likely to be the result of high charge-transfer current in 

that area. The positive effect of a CGO interlayer on 

reducing carbon formation on the fuel electrode is 

demonstrated.
 1

 

 

Solid oxide electrolysis cells (SOECs) are promising 

devices for simultaneous electrolysis of steam and carbon dioxide 

for synthetic gas production.1–6 However, a long-term deactivation of 

the fuel electrode during co-electrolysis has been reported.7 One of 

the most prominent degradation mechanisms in SOCs (Solid Oxide 

Cells) is a change in microstructure and active site deactivation due 

to carbon deposition.8–14 Thermodynamically, carbon formation is 

preferentially favoured at low temperatures (500-700 °C).15,16 

However, carbon formation at the electrode-electrolyte interface in 

co-electrolysis conditions has been demonstrated for nickel/yttria 
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stabilised zirconia (Ni/YSZ) electrodes operating at high current 

density even at 875 °C.13 Despite the fact that carbon formation is 

not predicted thermodynamically at fuel conversion below 99% for 

these conditions, it was experimentally observed at a conversion rate 

of only 67%.13 This indicates the importance of accounting for 

kinetic effects when studying carbon formation in SOCs. 
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Fig. 1 Cross-sectional 3D parametric view of the micro-SOFC rig with 

optical access for Raman measurements. 

 

For SOC technology to be commercially viable a decrease 

in the operating temperature from 900 °C to 500-600 °C would 

reduce material costs and enable easier coupling with external heat 

sources.17,18 In general, the Ni/Ce0.9Gd0.1O1.95 (Ni/CGO) system has 

been identified as one of the most promising fuel electrode material 

systems both in terms of its catalytic properties and reduced carbon 

formation, when operating with carbonaceous species both in 

electrolysis19 and fuel cell conditions.20 The ability of CGO to 

release oxygen is used to explain the superior carbon tolerance of 

CGO-based electrodes in fuel cell conditions.21  Equally, the 

durability of Ni-YSZ electrode impregnated with CGO has been 

shown to increase when compared to bare Ni-YSZ in electrolysis 

conditions.22 Steam reforming catalytic tests indicate that the 

concentration of mobile oxygen vacancies on ceria surface may not 

always be sufficient to inhibit carbon deposition.23 Thus, the focus of 
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this study is on the effect of the negative bias applied to Ni/CGO 

electrodes exposed to a CO-CO2 gas mixture at low temperature 

(500 °C). Such conditions are likely to promote carbon deposition as 

the result of the following reactions: 

CO2(ad) + 4e-
 C(ad) + 2O2-   (1) 

CO(ad) + 2e-
 C(ad) + O2-   (2) 

2CO(ad) C(ad)+CO2   (3) 

In SOFCs carbon deposition is also well know and several 

methods have been suggested to mitigate it. The balance of the 

reactions (1) and (2) may be shifted towards oxidation of the 

adsorbed carbon by providing a large influx of O2- to the fuel 

electrode. It has been shown that virtually all electrochemically 

accessible graphite formed after CH4 exposure may be oxidized in 

this way.24 The forward Boudouard reaction (3) is suppressed if CO2 

is present in sufficient quantities. Additionally, control of the gas 

composition within the fuel electrode using barrier layers can 

improve SOFC stability. Inserting a chemically inert barrier layer 

between the gas phase and the electrode was shown to inhibit carbon 

formation by limiting the flux of CH4 into the fuel electrode and the 

flux of H2O and CO2 out.25 Simulations suggests that barrier layers 

may also assist in decreasing thermal-mechanical stresses by 

moderating endothermic reactions on the fuel electrode.26 However, 

this cannot be directly translated to the SOEC case, because the flow 

of the chemical species is reversed. 

Raman spectroscopy is ideally suited to the identification 

of molecular structures present on electrode surfaces.27,28 It has 

previously been applied to the study of carbon deposition on 

Ni/YSZ29–31 as well as Ni/CGO anodes.32 Eigenbrodt et al., reported 

spatially resolved spectroscopic measurements suggestive of an 

extension in the electrochemically active region to 10μm around the 

triple phase boundary (TPB) in the Ni/YSZ system.33 Yoshinaga et 

al., employed Raman mapping to demonstrate that carbon deposition 

may be suppressed for the Ni/CGO system particularly on large 

nickel particles.20 In situ Raman studies of a patterned electrode 

stimulated the development of  a novel carbon-tolerant material for 

SOFC anodes.34,35 However, it remains unclear how representative 

surface measurements are of the entire electrode. The present work 

demonstrates results derived by applying this technique to 

electrolysis conditions and performing cross sectional ex situ Raman 

analysis on the electrodes.  

For the in situ experiments, a revised version of the 

experimental rig described elsewhere was employed.36 It was 

modified such that the inner core was made out of alumina and a 

sapphire window was used for optical access. The updated design of 

the rig is shown in Figure 1. Current collection was performed by 

applying a small amount of gold paste between the gold mesh and 

the electrode on both sides. In situ measurements were performed 

using a Horiba Jobin Yvon LabRAM 800 HR Raman spectrometer. 

Ex situ Raman measurements were taken with a Renishaw RM-2000 

CCD spectrometer equipped with ×20 and ×50 short working 

distance objectives. All spectra were collected using a 514nm Argon 

ion laser which was focused onto the sample surface in a spot size of 

approximately 3μm diameter.  Incident laser power was maintained 

at approximately 5 mW throughout all measurements to ensure laser 

interaction with the surfaces was minimised.  Raman spectral peaks 

were fitted and integrated using the Renishaw Wire 2 software with 

further analysis performed in OriginLab. 

Electrolyte-supported button cells with porous Ni/CGO 

and Ni/YSZ electrodes were employed. A Ni/CGO ink with 60% 

NiO – 40% CGO by weight was used for the preparation of the 

electrodes. The ink was screen printed onto a 20 mm in diameter and 

270 μm thick YSZ substrate and sintered for 2 hr at 1300 °C 

resulting in a ~7 μm thick 0.5 cm2 porous electrode. A CGO10 

interlayer was screen printed on the other side of the electrolyte to 

prevent SrZrO3 and La2Zr2O7 phase formation.37,38 The CGO10 

interlayer was sintered for 2hr at 1300 °C after which the 

CGO10/(La0.6Sr0.4)(Co0.2Fe0.8)O3-δ air electrode was screen printed 

on top of the interlayer and sintered at 900 °C for 2 hours.38 
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Fig. 2 (a) Integrated D and G peak areas obtained from spectra collected in 
situ from the surface of Ni/CGO electrode as a function of time during the 

electrode exposure to CO-CO2 with -100 mA bias. (b) Raman spectra 

collected ex situ from the cross section of Ni/CGO electrode along a single 
line at different distances from the surface (1 µm being adjacent to the 

surface) after 30 min exposure to CO-CO2 with -100 mA bias. (c) Numerical 

simulation of charge-transfer current distribution in the electrode in these 

conditions. 

 

The cells were heated up to 500 °C under N2 flow on the 

fuel electrode after which 50 ml/min of H2 was added to the fuel 
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compartment for at least 1hr to fully reduce the electrode. Each cell 

was fully characterised using a series of electrochemical 

measurements in order to ensure that it was functional and 

comparable. The H2 was then replaced by 50 ml/min of CO plus 50 

ml/min of CO2. Normally, the gas composition along the flow 

channel of a commercial SOEC will change as the reactants are 

converted into products.39 However, in this case fuel utilization is 

less than 2% and it can therefore be assumed that the gas 

composition does not significantly change across the electrode in the 

flow direction. Therefore, the gas mixture chosen for the tests can be 

considered to represent one point in the flowfield of a commercial 

SOEC. 

The cell was allowed to stabilize at open circuit potential 

(OCP) for one minute. N2 was then switched off and the cell was 

polarized so that a current of 100 mA was passed through it 

(electrolysis mode) for 30 min. After that, the supply of current and 

CO/CO2 fuel to the cell were turned off and the rig was cooled to 

room temperature under N2 flow on the fuel electrode. Pellets were 

taken out of the rig and prepared for further cross sectional analysis 

with Raman spectroscopy. No electrochemical tests were run on the 

cells after the CO-CO2 experiments to avoid any additional changes 

before the ex situ analysis. 

It was previously shown that positive bias (fuel cell mode) 

assists in removing carbon from contaminated electrodes.24,40 In 

electrolysis conditions O2- is removed from the fuel electrode, 

making carbon deposition more favourable.41 However, no carbon 

was observed in situ on the surface of the electrode as shown in 

Figure 2a. Potential monitoring (not shown) also did not reveal any 

significant changes to electrode performance. The penetration depth 

of the laser used in the Raman experiments is typically limited to the 

uppermost layer of the electrode. According to the Beer-Lambert 

law, pure solid nickel having an absorption coefficient of 7.44·107 m 

at 514 nm42, would have the penetration depth δ of around 13.4 nm. 

However, the porous nature of the Ni/CGO electrodes is likely to 

extend this value to a few hundred nanometres, suggesting that only 

changes occurring within a thin upper layer of the electrolyte will be 

detected. Therefore, despite the fact that surface in situ Raman 

analysis indicates the absence of carbon, an ex situ cross sectional 

analysis is essential in order to confirm or refute this result. 

In order to perform the ex situ Raman analysis, cells that 

underwent testing were carefully snapped and 1D Raman maps were 

collected from the cross section of the Ni/CGO electrodes. Snapping 

rather than cutting of the samples is preferred in order to prevent 

contamination of the sample. A spectral region with carbon D (1359 

cm-1) and carbon G (1580 cm-1) peaks as well as the NiO peak 

(around 1070 cm-1)29,43,44 overlapping with the secondary CGO peak 

(1180 cm-1)45 is shown in Figure 2b. Spectra were taken along a 

single line at different distances from the surface, 1 µm being 

adjacent to the surface and 7 µm – next to electrolyte. The curves 

have been offset for clarity. The shown data is from a single line 

scan but several line maps have been analysed to ensure that the 

shown data is representative of the whole sample. An increase in the 

Raman signal intensity between 1100cm-1 and 1200cm-1 in Figure 2b 

is likely to represent the change in oxidation state of the sample. 

Both the decreased density of oxygen vacancies in the CGO phase 

and the oxidation of the Ni phase would lead to an increase in 

Raman intensity between 1100cm-1 and 1200cm-1. Therefore, the 

spectra in Figure 2b may suggest transport of oxygen from the 

surface towards the electrode-electrolyte interface. 
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Fig. 3 Integrated carbon peak areas obtained from spectra collected ex situ from the cross section of Ni/CGO electrodes as a function of distance from the 

electrode-gas interface to the electrode-electrolyte interface after 30 min of exposure to CO-CO2 with -100 mA bias (electrolysis mode). (a) Integrated D peak 

(1359 cm-1) and (b) G peak (1580 cm-1) for the electrode without CGO interlayer. (c) Integrated D peak (1359 cm-1) and (d) G peak (1580 cm-1) for the 
electrode with CGO interlayer. 

Page 3 of 6 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



COMMUNICATION Journal Name 

This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 4  

The data in Figure 2b also suggests a trend of increased 

carbon formation close to the electrode-electrolyte interface. A D/G 

ratio of ~0.5 indicated the formation of amorphous carbon. An 

important repercussion of these results is that in situ Raman 

observations in electrolysis mode may therefore be misleading. As 

discussed above, Raman spectroscopy is well suited for surface 

characterisation, but does not provide the information about the 

changes in the bulk of the electrolyte. In order to understand the 

nature of the preferential carbon formation close to the electrode-

electrolyte, a numerical simulation of the charge-transfer current 

density has been performed. 

Distribution of the charge-transfer current density in the 

electrodes was estimated using the model described in detail 

elsewhere.46 The conservation of electrons and ions in solid phases 

was described in terms of the electric potential in each phase. 

Gaseous diffusion of CO and CO2 in the porous electrode was 

considered using the dusty-gas model.47 As the actual thickness of 

the electrodes was approximately 7 µm, this thickness was assumed 

for the model. As shown in Figure 2c, most of the electrochemical 

reactions occur within 3 µm of the electrolyte-electrode interface. 

This is mostly because gas diffusion and electron conduction 

through the cermet electrode is much more facile than oxide ion 

transport. This means that there is also a local increase in CO 

concentration next to the electrode-electrolyte interface, which will 

increase the thermodynamic driving force for carbon formation. It is 

therefore reasonable to conclude that the applied negative bias has 

resulted in the increased carbon deposition in the vicinity of the 

electrolyte-electrode interface through local variation in gas 

composition. Equally, the relatively high concentration of CO2 next 

to the surface of the electrode may explain the absence of carbon in 

this region, as CO2 is an effective reagent for removing accumulated 

carbon through dry reforming48, with the lower CO2 content next to 

the electrolyte under bias offering less protection against carbon 

formation. 

CO is known to cause mechanical degradation, e.g. dusting 

of Ni.49 Carbon diffusion into the bulk of the metal can occur in the 

case of weak metal-carbon bonding.50,51 Coadsorption experiments 

have shown that if H2 is present in the gas mixture, when adsorbed 

on the metal, it diminishes the chemisorption bond energy of CO.52 

Subsequently, the probability of electron transfer from the CO 

orbital into the metal d orbital is decreased and is reflected in 

bonding development between metal and carbon, enabling carbon 

diffusion.50 Thus, in presence of H2, profuse Ni graphitization 

leading to the unlimited growth of highly amorphous carbon may be 

expected. Whereas at high CO/H2 ratios, or equally in pure CO, the 

carbon-transfer rate to the metal surface is relatively slow and most 

of the carbon is catalysed by the metal surface to form a surface 

deposit.49 

In the absence of hydrogen, carbon deposition can proceed 

either through carbon monoxide disproportionation or through the 

reaction with oxygen vacancies. It has been found that the most 

stable form of carbon on Ni(111) is the highly ordered graphite 

overlayer.53 Nolan et al. experimentally observed the formation of 

carbon in the form of lamellar graphite layers extending parallel to 

the surface of the Ni particle and eventually deactivating it.54 
Therefore, carbon in these experiments may be expected to form 

highly structured encapsulating layers on top of the Ni particles. By 

examining the relative intensities of G and D peaks in Figure 2b, it 

can be concluded that this is not strictly the case. The D peak is a 

breathing mode of A1g symmetry and is forbidden in perfect 

graphite.55 We therefore argue that if encapsulating structures do 

form then they must have a significant defect density. 

Electrode delamination has been reported during co-

electrolysis at high current densities both for Ni/YSZ and Ni/CGO 

electrodes.13,41 In the former case it was ascribed to the growth of 

carbon fibres leading to a volume expansion. Here, the feasibility of 

CGO interlayers to improve the robustness of Ni/CGO electrodes to 

carbon formation is explored. CGO interlayers are commonly 

employed for LSCF-based air electrodes to avoid the formation of 

non-conductive phases between the electrode and the electrolyte.37 

More importantly it has also been shown to improve the adhesion 

between the electrode and electrolyte.56 Additionally, CGO 

microparticles were reported to increase the durability and 

performance of electrolysis cells.22 The investigation of the effect of 

CGO interlayer when applied to the fuel electrode in the current 

work is motivated by these reports. 

Figure 3 shows the results of line mapping of the 

integrated Raman spectral peaks at 1359 cm-1 (D) and 1580 cm-1 (G) 

collected with 1 µm pixel resolution. To ensure the data is 

representative, several different locations were examined on at least 

two different electrodes exposed to identical conditions. Figure 3 

shows the averaged values obtained from these measurements with 

error bars representing the standard deviation. There are at least two 

likely sources of relatively large deviation from the average value. 

First is the roughness of the porous electrode’s cross section. The 

intensity of Raman peaks depends on the area from which the data is 

collected – when the surface is rough there is therefore a difference 

in the size of the analysed area. Secondly, although every effort was 

made to ensure homogeneous current distribution in the electrode, 

current collection with a mesh, as performed in these experiments, 

induces a certain current inhomogeneity, which may cause 

differences in amount of deposited carbon. 

Ceria is well known for its high electrochemical activity.57 

It is generally accepted that the prevalent mechanism of CO 

oxidation on ceria involves a redox Mars–van Krevelen-type 

reaction, where CO reacts with the weakly bound, topmost oxygen 

atom and forms CO2 that desorbs leaving an oxygen vacancy 

behind.58 For Ni/CGO without an interlayer the results shown in 

Figure 3 suggest that in electrolysis mode a reverse reaction may 

take place on CGO close to the TPB region, i.e. electrolysis gives 

rise to the oxygen vacancies, which react with CO to produce carbon 

deposits, as shown in equation 2. The results presented in Figure 3 

also suggest that the presence of the ~10 µm CGO interlayer 

between Ni/CGO electrode and YSZ electrolyte helps to suppress 

carbon formation under electrolysis, for at least the duration of the 

experiment. It is assumed that the CGO interlayer provide an 

additional source of oxygen atoms, helping to reduce carbon 

deposition.  

 

 
Fig. 4 SEM micrographs of Ni/CGO electrodes’ cross sections without (a) 

and with (b) CGO interlayer. 

 

Scanning electron microscope (SEM) micrographs in 

Figure 4 show that electrodes without the interlayer tend to develop 

cracks between the electrode and the electrolyte, whereas the 

electrodes with the interlayer retain good adhesion. Impregnating 

fuel electrodes with ceria has also been shown to prevent electrode 

delamination caused by carbon.59 The CGO interlayer presented here 

 (a)  (b) 
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demonstrates that such an interlayer improves the adhesion between 

the electrolyte and the electrode, helping to prevent delamination in 

electrolysis mode. Fuel electrodes on two out of three samples 

without the CGO interlayer were partially delaminated, while all of 

the samples with the CGO interlayer seemed to remain structurally 

robust.  

Conclusions 

Charge-transfer reactions that occur at the TPB in CO2 

electrolysis mode were shown to promote carbon deposition through 

local changes in gas composition. Ex situ Raman mapping was used 

in conjunction with numerical modelling to show that most of the 

carbon forms close to electrode-electrolyte interface during CO-CO2 

electrolysis. This represents a potential limitation of the Raman in 

situ technique when applied to SOECs, which must be carefully 

considered in relation to the experimental conditions. As a surface 

sensitive technique, it is not fully representative of interactions 

occurring within the bulk of the electrode.  As a result, a better 

understanding of interactions within SOCs is obtained through a 

combination of in-situ and ex-situ Raman and other analysis 

techniques. The results of ex situ Raman and SEM analysis suggest 

that the CGO interlayer acts to reduce carbon deposition in Ni/CGO 

electrodes as well as improving the mechanical stability in CO-CO2 

electrolysis conditions. 
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