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Abstract: A commercial solid oxide fuel cell with a Ni/YSZ anode was characterized under a pure methane atmosphere. The amount of de-
posited carbon increased with an increase in temperature but decreased when the temperature exceeded 700°C. The reactivity of carbon de-
creased with increasing deposition temperature. Filamentous carbon was deposited from 400 to 600°C, whereas flake carbon was deposited 
at 700 and 800°C. With increasing temperature, the intensity ratio of the D band over the sum of the G and D bands was constant at the be-
ginning and then decreased with the transformation of the carbon morphology. The crystallite size increased from 2.9 to 13 nm with increas-
ing temperature. The results also indicated that the structure of the deposited carbon was better ordered with increasing deposition tempera-
ture. In comparison with pure Ni powders, the interaction between the YSZ substrate and Ni particles could not only modify the carbon de-
position kinetics but also reduce the temperature effect on the structure and reactivity variation of carbon. 
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1. Introduction 

Nickel/yttria-stabilized zirconia (Ni/YSZ) porous cermet 
has been widely studied as a traditional and the most com-
mon anode used in solid oxide fuel cells (SOFCs). Re-
searchers are interested in SOFCs that can operate on a di-
rect supply of hydrocarbon fuel. However, the use of me-
thane as a fuel can result in carbon deposition in the anodic 
chamber, eventually leading to deterioration of the anode 
through the following reaction: 
CH4(g) ⇌ C(graphite) + 2H2(g),  

G   = 74.8 + 0.0808T (kJ·mol−1)  (1) 
where G   is the Gibbs free energy of the reaction. Reform-
ing is a promising method to prevent carbon deposition [1]. 
In general, in an amount two times greater than that of me-
thane, steam is introduced into the anode with methane for 
the reforming [2]. Furthermore, anode materials can also be 

designed to effectively suppress carbon deposition with or 
without gas reforming. The difference in carbon deposition 
performance among different anodes in previous studies is 
noteworthy [36]. 

In particular, many researchers have thoroughly investi-
gated the effect of the substrate on the suppression of carbon 
deposition on Ni. A strong interaction between Ni and the 
substrate is expected to suppress carbon deposition [7]. The 
temperature-programed oxidation (TPO) experimental re-
sults of Maček et al. [8] showed that modification of the 
YSZ content in the anode could affect the amount and 
structure of deposited carbon. Takeguchi et al. [9] reported 
that the addition of CaO could suppress the carbon deposi-
tion rate on a Ni/YSZ anode. Moreover, they observed that 
the diameter of filamentous carbon deposited on a Ni/YSZ 
cermet was greater than that of carbon nanotubes deposited 
on conventional supported Ni catalysts. In a study of anodes 
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with two different substrates, Sumi et al. [10] observed that 
amorphous carbon covered the Ni/YSZ anode, whereas fi-
lamentous carbon with a higher graphite ratio formed on 
some parts of Ni/scandia-stabilized zirconia (ScSZ) anodes. 
Ke et al. [11] suggested that the strong interaction between 
Ni and ScSZ could increase the amount of adsorbed oxygen 
onto the Ni surface, enabling Ni/ScSZ to effectively inhibit 
carbon deposition under high-temperature working condi-
tions. Takahashi et al. [12] also indicated that the strong in-
teraction between Ni and YSZ with proper pretreatment 
could improve the resistance to carbon deposition. Upon 
comparing YSZ and yttria-doped ceria (YDC) substrates, 
Horita et al. [13] suggested that the surface of YDC can af-
fect the distribution of adatoms around the three-phase in-
terface. Specifically, the amount of protons dissolved in 
YDC is greater than that in YSZ, which increases the con-
centration of oxygen on the Ni surface. As a result, the 
amount of carbon deposited on the Ni surface is reduced. In 
addition, Kubota et al. [14] indicated that the migration of 
Ce species from Gd-doped ceria (GDC) to Ni catalysts 
could suppress carbon deposition because of the presence of 
electronegative CeO2. 

Although numerous promising anode materials have 
been proposed, the Ni/YSZ anode remains the principal 
cermet material used in SOFC systems. In the present work, 
to elucidate the role of catalysts in hydrocarbon fuels, we 
investigate the carbon deposition behavior of a commercial 
Ni/YSZ anode in a methane atmosphere. We have already 
reported the carbon deposition kinetics of commercial Ni 
powders for SOFC fabrication from the same resource [15]. 
We elucidate the differences between the pure Ni powder 
and the Ni/YSZ anode to study the effect of the YSZ sub-
strate in the reaction. 

2. Experimental 

A semi-finished anode supported planar SOFC with an 
area of 5 mm  5 mm was used for thermogravimetric (TG) 
experiments. The fuel cell was fabricated using a composite 
multilayer tape casting technique with dense YSZ (8wt% 
Y2O3) as the electrolyte. No heterogeneous particles were 
found in the skeleton of the YSZ cathode. The anode com-
position was NiO–YSZ, where NiO was reduced to Ni un-
der flowing H2 at 400°C for 12 h prior to the experiment 
being carried out. The carbon deposition in methane was 
tested on a HTC-2 thermogravimetric analyzer (TG analyzer) 
in both temperature-programmed and isothermal reaction 
processes. Methane was introduced from the top of the fur-
nace at a constant flow rate of 60 mLmin−1 (standard tem-

perature and pressure, STP). The gas flow rate was con-
trolled by Alicat mass flow controllers. After the treatment, 
the samples were cooled naturally in an Ar atmosphere to 
room temperature. 

Microscopic features of the samples were characterized 
using a JSM-6701F field-emission scanning electron mi-
croscope (FESEM). During Raman spectroscopic analysis 
(Horiba LabRAM HR Evolution), the sample surface was 
probed by a 532-nm laser with its intensity reduced to 2 mW 
to avoid damaging the specimen surface. 

The tests of differential thermal analysis/thermogravimetric 
analysis (DTA/TG) and evolved-gas analysis in the temper-
ature programing oxidation (TPO) were performed in a 
Netzsch STA449C thermal analysis system in combination 
with a quartz reactor. Small pieces of the reacted sample 
were oxidized in mixed gas of 8.3vol% oxygen–argon 
flowing at 100 mL·min−1 (STP). The heating rate was 
5°C·min−1 from room temperature to 800°C. Carbon dioxide 
partial pressure in the evolved gas was analyzed with an in 
situ probe (Hiden-HPR20 QIC Research Grade System for 
continuous sampling gas/vapor analysis–mass spectrometry, 
MS). 

3. Results and discussion 

3.1. Morphology 

Ni/YSZ anode was composed of a porous YSZ ceramic 
skeleton embedded with microsized Ni particles, as shown 
in Fig. 1(a). The channels within the YSZ skeleton pro-
vided the fuel gas with a path to the reaction sites on the 
Ni/YSZ interfaces surrounded by Ni particles. During this 
process, carbon deposition could occur on the Ni particles. 
Figs. 1(b)–1(f) show the morphologies of the Ni/YSZ 
anode cross sections with carbon deposition at an accele-
rating temperature in a methane atmosphere. The variation 
in morphology reveals that the carbon deposition under a 
CH4 atmosphere is sophisticated. As such, the carbon de-
position process could be divided into two temperature 
ranges: (1) filamentous carbon formed from 400 to 600°C 
and (2) flake carbon formed at 700 and 800°C via pyrolyt-
ic deposition [16]. The carbon filaments were short and 
rare at 400°C. The outer layer of filamentous carbon also 
formed during the pyrolytic process. However, the core of 
the filamentous carbon primarily formed in catalytic reac-
tions [17]. Therefore, with elevation of the deposition 
temperature, not only the carbon morphology but also the 
carbon deposition mechanism varied. Correspondingly, the 
structure and properties of the deposited carbon changed as 
well. 
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Fig. 1.  Morphologies of carbon deposited in a Ni/YSZ anode under a CH4 atmosphere at different temperatures: (a) raw materials; 
(b) 400°C; (c) 500°C; (d) 600°C; (e) 700°C; (f) 800°C. 

3.2. Raman spectra 

The carbon deposited in porous Ni/YSZ anodes was cha-
racterized by Raman spectroscopy. The results are presented 
in Fig. 2. The peaks with low frequencies are principally 
contributed by the YSZ matrix [1819], although the 
disorder-induced effect of amorphous carbon can give 
rise to weak broad peaks in the frequency range below 
700 cm−1 [2021]. Neither NiO nor Ni0 bands [22] were 
observed in the spectrum of the Ni/YSZ anode, which 
implies that the Ni–O interaction between Ni and the 
YSZ surface was relatively weak. In addition, the active 
centers of Ni0 [23] could be deactivated by the carbon 
deposition. The peaks in the range above 700 cm−1 are 
contributed by molecular carbon. Comparing the intensi-

ties of the peaks below and above 700 cm−1 reveals that 
the most serious carbon deposition occurred at 600°C. 
Usually, from a thermodynamics viewpoint, methane de-
composes more seriously at higher temperatures because 
it is an endothermic reaction [24]. The depressed carbon 
deposition rate has been attributed to the negative activa-
tion energy of the reaction [2526]. 

The Raman spectra provide not only approximate infor-
mation about the amount of carbon but also information 
about the molecular structure. The G, D, and 2D bands of 
carbon materials were used for the analysis here. The Ra-
man spectrum of ideal graphite is only observed for the G 
band at 1580 cm−1, which is the lattice vibration mode with 
E2g symmetry. The D band includes four sub-bands from 
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1150 to 1620 cm−1. The D1 band at 1350 cm−1 is a breathing 
mode of A1g symmetry involving phonons near the K zone 
boundary, corresponding to in-plane imperfections in the 
structure of carbon materials. This band is sometimes re-
ferred to as the D band [27]. The G and D bands were fit 
with two Lorentzian curves [28]. For the Raman spectrum 
of carbon deposited at 500°C, the D3 band was introduced 
into the position between the two peaks. The D3 band is a 
broad Gaussian band at 1500–1550 cm−1; it is related to the 
amorphous sp2-bonded forms of carbon [28]. Fig. 3 shows 
that the fitting result is in good agreement with the experi-
mental data. The apparent broad band at 1532 cm−1 in Fig. 
3(b) is assigned to amorphous carbon at interstitial sites in 
the disturbed graphitic lattice [29]. This band disappeared at 
higher temperatures, implying decreased content of amorph-

ous graphitic phase with increasing temperature. 

 
Fig. 2.  Raman spectra of the Ni/YSZ anode cross section after 
exposure in methane at different carbon deposition tempera-
tures. 

 

Fig. 3.  Curve fitting results for the first-order Raman spectra of Ni/YSZ anode cross sections after carbon deposition at different 
temperatures: (a) 400°C; (b) 500°C; (c) 600°C; (d) 700°C; (e) 800°C. 

Fig. 4(a) shows that the intensity ratio of the D1 (D) and 
G bands, I(D)/I(G), remains constant at temperatures below 
600°C but decreases sharply from 600 to 800°C. Here, I(D) 
and I(G) are the intensities of D and G bands, respectively. 
Researchers have elucidated different relationships be-
tween I(D)/I(G) and the crystallite size of a carbon materi-
al, La [3031]. When La is greater than 2 nm, I(D)/I(G) is 
inversely proportional to La [32]. The typical formula cor-
responding to a laser wavelength of 515.5 nm is [27] 
I(D)/I(G) = 4.4/La (2) 
where the unit of La is nm. Although I(D)/I(G) strictly 
depends on the Raman excitation energy, Eq. (2) can be 
used to estimate La for other laser wavelengths [3334]. 
The values of La for carbon in Ni/YSZ anodes, as esti-
mated using this equation, are plotted in Fig. 4(a). The 
values of La increased from 2.9 to 13 nm as the carbon 
deposition temperature was increased from 400 to 800°C. 

The relationships of both I(D)/I(G) and La with tempera-
ture can be empirically described by logistic equations. 
For instance, 

a 23.8

2.8 13.7
13.7

1 ( / 712.5)
L

T


 


, nm (3) 

Eq. (3) shows that, even when the filamentous carbon 
deposition degree was more serious at higher temperatures, 
the crystal size of the deposited carbon remained constant at 
temperatures below 600°C. However, in conjunction with 
the change in carbon morphology from filaments to flakes, 
the value of La increased from 2.9 to 13 nm. 

The parameter I(D)/[I(D) + I(G)] can be used as a refer-
ence for the degree of structural order with respect to gra-
phite structure [35]. This parameter shows the same ten-
dency with I(D)/I(G) in Fig. 4(a). The result indicates that 
the carbon in the Ni/YSZ anode is more ordered at higher 
deposition temperatures. 
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Fig. 4.  Parameters extracted from the Raman spectrum of carbon in a Ni/YSZ anode: (a) I(D)/I(G), I(D)/[I(D) + I(G)], and the 
corresponding La; (b) full-width at half-maximum (FWHM) of the 2D band. 

The 2D band at 2700 cm−1 is a two-phonon band related 
to the quality of the carbon crystalline structure [28,3638]. 
The FWHM 2D band is narrower at higher temperature in 
Fig. 4(b), which corresponds to a lower value of I(D)/[I(D) 
+ I(G)] at 700 and 800°C, The variation of the two parame-
ters indicates that the carbon flake is more ordered than the 
filamentous carbon. Another high-order band, the G + D 
band, is observed at 2950 cm−1 in the spectra of the carbon 
deposited at 500 and 600°C (Fig. 2). This band is assigned 
to a combination of E2g and D vibrational modes for disturbed 
graphitic structures. Its intensity is usually very weak [37]. 
The relatively high intensity of the G + D band implies se-
rious carbon deposition in the anode. 

3.3. TPO results 

The reactivity of the deposited carbon was investigated 
via TPO experiments. Fig. 5 shows the results. As shown in 
Eqs. (4) and (5), the oxidation reactions of Ni and carbon are 
exothermic. The DTA profiles of the five samples show that 
the exothermic peaks shifted to higher temperatures with in-
creasing carbon deposition temperature. Commonly, the 
high-temperature shift was due to the decreasing reactivity 
of carbon materials. In this case, the relatively high enthalpy 
of Ni oxidation could produce high background noise to the 
exothermic peaks of carbon oxidation. Therefore, TG analy-
sis was employed in conjunction with the investigation of 
the DTA results. 

22Ni+O =2NiO, 480.7 kJH    (4) 

22Ni+O =2NiO, 480.7 kJH    (5) 

where ΔH is the change in reaction enthalpy. The oxidation 
of Ni gives rise to a mass gain of the sample; however, the 
oxidation of carbon leads to mass loss. The TG curves in Fig. 
5(b) show how the mass changes as a result of the afore-
mentioned oxidation reaction. At low carbon deposition 
temperatures (400–600°C), the mass of the sample first de-

creased and then increased in the TPO experiments. This 
result implies that the oxidation of filamentous carbon oc-
curred prior to that of Ni. By contrast, at high carbon depo-
sition temperatures (700–800°C), only mass loss occurred. 
The mass gain associated with Ni oxidation was too small to 
be observed in the same oxidation temperature region with 
carbon. Kuhn and Kesler [39] indicated that Ni in an SOFC 
oxidizes faster than graphite. Therefore, the degree of gra-
phitization of the carbon deposited at 700–800°C was rela-
tively high. 

For a clear survey of the reactivity of carbon, CO2 partial 
pressure envelopes were observed for the evolved gas in 
TPO experiments conducted in an oxygen–argon atmos-
phere (Fig. 6). Generally, the TPO peak position shifts to 
higher temperatures with increasing carbon deposition 
temperature because of the lower reactivity of carbon. Su 
et al. [40] deconvoluted the CO2 envelope into a series of 
peaks. These peaks represent carbon phases with different 
structural order. The peaks corresponding to TPO temper-
atures from low to high represent amorphous carbon and 
graphic carbon, respectively. A separate TPO peak at ap-
proximately 725°C, which has been suggested to be the 
peak of dissolved carbon in Ni [41], was not observed in 
the present work. The CO2 envelopes were deconvoluted 
into two peaks, which are assigned to two different carbon 
structures. For a more precise analysis, the fitted peak po-
sitions of the envelopes were extracted to Fig. 7. Both the 
fitted peaks shifted to higher temperatures when the car-
bon deposition temperature was increased from 400 to 
700°C, and then remained constant at a relatively high 
level. This result indicates that the reactivity of fila-
mentous carbon decreased with increasing carbon depo-
sition temperature. In addition, the reactivity of flake 
carbon formed at 700 and 800°C was low and did not 
change with temperature. 
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Fig. 5.  DTA curves (a) and TG curves (b) of the Ni/YSZ samples after carbon deposition at different temperatures in 8.3vol% oxy-
gen ambience air and with a temperature ramp rate of 5°Cmin−1. 

 
Fig. 6.  CO2 partial pressure envelopes and fitted peaks for the 
evolved gas in TPO experiments for Ni/YSZ anodes after car-
bon deposition at different temperatures. 

 
Fig. 7.  Peak temperatures of the fitted CO2 partial pressure 
peaks in TPO experiments. 

3.4. Deposition kinetics 

The foregoing results show that the morphology and 
properties of carbon vary below and above 700°C. To fur-
ther understand the reason for this variation of carbon with 
temperature, we investigated the carbon deposition kinetics. 
Fig. 8 shows the mass change profile of a Ni/YSZ anode in 
isothermal reactions. Parameter Δm/m0 represents the ratio 
between the mass gain and the initial mass of the sample. 
Carbon deposition in the Ni/YSZ porous anode caused the 
mass gain of the sample. A decrease of the carbon deposi-
tion rate was observed from 600 to 700°C, implying that the 
kinetic mechanisms of filamentous carbon formation and 
flake carbon formation differ. 

 

Fig. 8.  Mass gain ratio of a Ni/YSZ anode at different carbon 
deposition temperatures in a methane atmosphere. 

The carbon deposition could result in three-dimensional 
expansion and microscopic cracks [42]. The formation of 
cracks could expose some narrow poles to the atmosphere, 
leading to an increase of the reaction rate. In addition, 
high-energy sites of deposited carbon could function as 
catalytic reaction sites, further promoting the carbon depo-
sition [43]. The relatively high carbon deposition rate at 
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600°C implies that filamentous carbon could cause more se-
rious disintegration of the anode than flake carbon formed at 
700°C. 

3.5. Effect of YSZ substrate 

The parameters of the carbon deposited onto pure Ni 
powders [15] exhibit the same tendency with respect to 
temperature as the features of carbon deposited onto 
Ni/YSZ anodes. For instance, the value of La increased from 
~2.5 to ~13 nm in both series of experiments. Also, the D3 
bands in the Raman spectra of the carbon deposited onto 
anodes and the spectra of carbon deposited onto pure powd-
ers were most prevalent in the samples deposited at ap-
proximately 500°C. Meanwhile, some differences could also 
be observed from the two kinds of carbon deposited onto 
anodes and powders. With respect to the kinetics, the fila-
mentous carbon deposition rate decreased with increasing 
temperature for deposition onto Ni powders. By contrast, it 
increased with increasing temperature for deposition onto 
Ni/YSZ anodes. In addition, the Raman spectral analysis 
results in the two cases differed. Although the value of 
I(D)/I(G) decreased with increasing temperature in both 
cases, the rate of change differed in the present work from 
that reported in Ref. [15]. In the case of carbon deposited 
onto pure Ni powders, the value of I(D)/I(G) sharply de-
creased from 400 to 600°C and slowly decreased at higher 
temperatures. By contrast, the decreasing rate of I(D)/I(G) 
as a function of temperature accelerated when carbon was 
deposited in Ni/YSZ anodes. 

The TPO profile of carbon on pure Ni powders shows 
that the number of different carbon phases decreased from 
three to one when the carbon deposition temperature was 
increased from 450 to 800°C [15]. However, in the Ni/YSZ 
anode, two different carbon phases were still observed at 
800°C. The TPO peak position range of carbon in Ni/YSZ 
anodes was from 492 to 605°C, which is narrower than the 
range of carbon on pure Ni powders (479 to 623°C). This 
difference indicates that the YSZ substrate reduces the tem-
perature effect on the reactivity variation of deposited car-
bon. That is, the reactivity of carbon in Ni/YSZ anodes is 
higher than that on pure Ni powders at the same carbon de-
position temperature. Moreover, the La of carbon on pure Ni 
was more than twice the value of that in the Ni/YSZ anode 
at 500 and 600°C, which means the filamentous carbon 
grains in the anode are finer than those on pure Ni powder. 

The physical effects of YSZ could play an active role in 
changing the carbon deposition behavior on Ni. Cuomo et al. [44] 
indicated that a substrate with high thermal conductivity 
could promote an increase of density and an increase of the 

degree of sp3 hybridization of deposited diamond-like car-
bon films. This behavior was attributed to the effect of 
energy loss or thermal quenching. Additionally, many inves-
tigators have attributed the effect of an oxide substrate on Ni 
to the interaction between them [2,1014]. O vacancies and 
Ni–O and Ni–Zr bonds are built across the Ni/YSZ inter-
faces [4546] because of the interaction. Furthermore, the 
Ni/YSZ interface decreases the formation energy for oxygen 
vacancies and therefore can affect the migration of oxygen 
ions near the interface [47]. However, this effect of interac-
tion is too weak to efficiently prevent carbon deposition in 
the present work. 

To understand the interaction between Ni and YSZ in the 
anode, we compared the Raman spectra of Ni/YSZ after 
carbon deposition at 400°C with those of the YSZ electro-
lyte in the semi-finished anode support planar SOFC. All of 
the anode samples after carbon deposition showed similar 
Raman spectra in the region from 100 to 800 cm−1 (Fig. 2); 
however, they differed from the spectrum of the electrolyte 
in Fig. 9(b). Although YSZ typically exhibits a cubic struc-
ture, the broad bands at 365 and 500 cm−1, which corres-
pond to the stabilized cubic structure [45,48], are not ob-
served. The bands at 149, 261, 318, 463, 609, and 642 cm−1 
in Fig. 9(a) are assigned to the tetragonal phase of ZrO2 [49].  

 

Fig. 9.  Curve fits for the Raman spectra from 100 to 800 cm−1 
of an Ni/YSZ anode cross section after carbon deposition at 
400°C (a) and the YSZ electrolyte (b). 
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Bands at 261 and 642 cm−1, which are the strongest bands of 
tetragonal ZrO2, are shifted to higher wavenumbers com-
pared with the bands of the YSZ electrolyte in Fig. 9(b). 
These results imply shortening of the Zr–O bonds in the 
porous Ni/YSZ anode and further stabilization of the tetra-
gonal phase [50]. Some weak bands at 354 and 513 cm−1 are 
due to the appearance of a monoclinic phase in the YSZ 
electrolyte [51]. The monoclinic phase is undesirable for 
catalysts, possibly because of the interaction effect of Ni and 
YSZ. However, the narrowed band in the spectrum of the 
Ni/YSZ cermet compared with that in the spectrum of the 
YSZ electrolyte indicates weakening of the static disorder 
of the oxygen sublattice in YSZ, viz., fewer oxygen va-
cancies [52]. Oxygen vacancies are well known to be pre-
ferred for carbon resistance [53]. Therefore, the narrow 
FWHM of the YSZ bands in Fig. 9(a) implies a low carbon 
resistance of the Ni/YSZ anode. 

4. Conclusions 

Carbon deposition of a Ni/YSZ anode was studied in a 
methane atmosphere in the temperature range from 400 to 
800°C. The results show that filamentous carbon formed 
from 400 to 600°C. The value of I(D)/I(G) of the carbon 
formed in this temperature range was approximately 1.56, 
which indicates a low graphitization degree of the carbon. In 
addition, TPO test results show that the reactivity of fila-
mentous carbon in the anode decreased with increasing 
temperature. The deposition rate of flake carbon formed at 
700 and 800°C was repressed compared with the filament-
ous carbon formation rate at 600°C. Filamentous carbon ra-
ther than flake carbon is likely responsible for rapid disinte-
gration of the anode structure. 

With increasing carbon deposition temperature, carbon 
was more graphitized and less reactive. The TPO tests im-
plied that both filamentous and flake carbon contained two 
types of carbon phases. In addition, the crystallite size La in-
creased from 2.9 to 13 nm, indicating the carbon grains were 
coarser at high temperatures. Both the high graphitization 
and the coarse carbon grains resulted in difficult carbon re-
moval from the anode. 

Compared with the carbon deposition behavior on pure 
Ni powders, the interaction between Ni and YSZ likely re-
duced the effects of temperature on the carbon structure and 
the reactivity. In particular, the filamentous carbon grains on 
the Ni/YSZ anode at 500 and 600°C were finer than those 
on pure Ni powder; the reactivity of filamentous carbon was 
higher as well. Even so, the relatively weak interaction of 
Ni/YSZ and the low oxygen storage capacity of YSZ could 

not effectively suppress carbon deposition in methane. 
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