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bstract

n advantage of solid oxide fuel cells (SOFC) over some other types of fuel cells is the extended range of fuels they can use. Besides hydrogen,
ydrocarbons are often used. A problem that may arise on a prolonged operation of cells using hydrocarbons is the formation of carbon deposits
n the anodes. These deposits deteriorate the cell performance by blocking the access of reactants to the anode surface and into its pores, thus
hanging the micromorphology of the anode. The behavior of anodic material during the extended contact with such fuels must be tested and if
eeded modifications must be made in its composition in order to reduce the rate of carbon deposition.

Ni–YSZ cermet materials prepared by different processes (sol–gel and combustion synthesis) with variations in composition and presence of
opants were tested by exposing these materials to methane at elevated temperatures. The thermal dissociation of methane, which leads to carbon

eposits on the cermet surface, was studied by the analysis of the gas phase using mass spectrometry and gas chromatography. The influence of
node composition and its microstructure on carbon deposition was studied as well as the influence of some dopants. The amount of the deposited
arbon was determined by temperature programmed oxidation.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Solid oxide fuel cells (SOFCs) are an attractive energy con-
ersion systems because of their high efficiency and low pollu-
ion. The high operating temperature of SOFCs cells gives rise
o excellent fuel flexibility. Besides hydrogen various hydro-
arbons, which transform in the anode to hydrogen and carbon
onoxide by an internal steam reforming process, can also be

sed as fuels. The internal reforming operation results in simpli-
cation and lower costs of the whole power generation system
wing to the exclusion of the pre-reformer. Natural gas is a
elatively cheap and commonly available fuel. Its main com-
onent is methane. The Ni/Y2O3-stabilized zirconia (Ni–YSZ)
node material catalyzes the internal reforming reactions of

ethane1,2:

H4 + H2O ↔ CO + 3H2 (1)
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H4 + 2H2O ↔ CO2 + 4H2 (2)

arbon deposition on steam reforming catalysts is a problem
nown to petrochemical industry for a long time. The cata-
ysts surface, pores and voids may be fouled by carbon or
oke deposits produced by cracking/condensation reactions of
ydrocarbons, intermediates and/or products. Deposits can be
n various forms such as graphite or higher molecular weight
ydrocarbons. The reactivity of the deposits depends on the con-
itions of their formation and ageing.

The formation of carbon proceeds either via methane disso-
iation or according to the Boudouard reaction:

H4 ↔ C + 2H2 (3)

CO ↔ C + CO2 (4)

he Ni–YSZ anodic materials for SOFCs are similar to catalysts
sed for reforming methane and other hydrocarbons, so similar
roblems with carbon deposition can be expected.3 It has been

ound out that the quantity of deposited carbon during methane
eforming is strongly affected by the operating temperature and
he methane/steam ratio. Operating at high temperatures or at
team to hydrocarbon ratios below a critical value can cause
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ormation of carbon deposits which plug the electrode pores and
oids, and can also pulverize the anode surface. The deposition
roblems will become even more pronounced if biogas is used
s a fuel in the future. Namely the presence of tars from the
iogas can enhance carbon deposition.4

The carbon deposition rate can be partially decreased by using
proper steam-to-methane (hydrocarbon) ratio, by changing the
icromorphological characteristics of anode and by the addi-

ion of some dopants. The presence of certain dopants such as
recious metals,5 CaO and molibdenum6,7 lowers the carbon
eposition rate.

In the properly operated fuel cells the deposition of carbon
s not expected to occur. However as progressively more
ong-term tests of SOFC cells are being carried out such
roblems obviously do arise and gain on importance. Testing
f SOFC membranes with respect to the carbon deposition is
complex and lengthy task. The whole process of preparing

ingle cell components, joining them into an operating cell
embrane and testing is very time consuming. Gas analysis and

c impedance analysis have been used to determine the rate of
arbon deposition.8–10 In the development phase of new anode
aterials a fast method for discriminating between the suscep-

ibility for carbon deposition of different anode compositions is
ssential.

Testing of anode materials without going through the whole
ell membrane preparation is a very tempting option. A system
as set-up for testing carbon deposition rates on powdered anode
aterials via a gas phase analysis by measuring the evolution of

ydrogen which is the result of methane dissociation (reaction
3)).

The system consists of a furnace with temperature controller
here the anode sample is brought to a proper temperature

nd a gas analysis part. The system is connected to a gas
upply with constant flow of carrier gas/methane mixture.
he gases are led from the furnace to the gas sampling valve
f a mass spectrometer and gas chromatograph. Furnace and
as analysis apparatuses are coupled via a heated capillary
n order to prevent condensation of less volatile compo-
ents.

. Experimental

.1. Sample preparation

Samples of anode materials were prepared by two meth-
ds which enable a good dispersion of nickel oxide and nickel
btained after the reduction in the YSZ phase.

.2. Sol–gel process in methanol (SGM)

Ni–YSZ anode cermet material was prepared by the gel
recipitation method in methanol. Into a methanol solution of
nalytical grade metal chlorides (NiCl2·6H2O, ZrCl4, yttrium

as introduced by dissolving Y2O3 in zirconium tetrachloride

olution) gaseous ammonia was bubbled up to a pH value of 8.0.
he precipitate was washed, until a negative reaction on chlo-

ide ions was obtained (AgNO3 test). Then it was dried for 6 h

t
s

s
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t 120 ◦C, milled in a planetary ball mill and calcined for 2 h at
00 ◦C.11

.3. Combustion synthesis (CS)

NiO/YSZ composite powders were prepared by a modi-
ed combustion synthesis. The combustion system was based
n the citrate–nitrate reaction system. The starting sub-
tances for a reactive gel preparation were ZrO(NO3)2·6H2O,
(NO3)3·6H2O, Ni(NO3)2·6H2O, citric and nitric acid. All pre-

ursors were mixed together to prepare a solution which was kept
ver a water bath at 60 ◦C under vacuum (30 mbar) for 6 h until it
ransformed into a solid green gel. The dried gel was pressed into
ellets and ignited at the top to start a self-sustaining combus-
ion reaction producing fine NiO/YSZ powders. The mixtures of
iO/YSZ were ball-milled in ethanol for 3 h and subsequently
ried in air for few hours and dry milled for 1 h. After that the
roduct was calcined at 900 ◦C for 1 h. Doped samples were pre-
ared with the addition of 1% AgNO3, Cu(NO3)2 or Co(NO3)3
nto the starting solution.12

.3.1. Testing system set-up
Thirty to 33.00 mg samples were put into a quartz tube (diam-

ter = 6 mm, length = 400 mm) as a plug of a height of 3–4 mm.
wo thermocouples for temperature measurement and program-
ing of the furnace were mounted beneath the sample. The

uartz tube was put into an electrical furnace and connected via
/8 in. stainless steel capillaries on one end with a gas supply
nd on the other with gas sampling valves of mass spectrometer
nd gas chromatograph as shown in Fig. 1. The gas mixture was
ed on the lower end of the quartz tube (the flow rate was 4 L/h).
n overpressure in the system was 10–30 mbar. Samples were

xposed to gas mixtures in the temperature interval from 20 to
30 ◦C with a heating rate of 10 K/min and cooled down with
0 K/min.

The samples were first heated up in an atmosphere of Ar–H2
96–4 vol.%) mixture up to the temperature 930 ◦C and than
sothermally heated for 50 min to complete the reduction of
ickel oxide. After cooling down to room temperature they were
xposed under the same temperature program (except that the
sothermal part was omitted) to Ar–CH4 (96–4 vol.%) mixture
o test the carbon deposition on the samples. After cooling the
ample for the second time a temperature programmed oxida-
ion of the deposited carbon in Ar–O2 (80–20 vol.%) mixture
as performed.

.3.2. Analysis of gas streams
Output gases were simultaneously analyzed by a mass spec-

rometer Inficon Quadrex 200 (input pressure 1 mbar, head
ressure 2.5 × 10−6 Torr, gain 6 × 10−11 A, scan time 2703 ms,
canning borders 0–50 amu) and gas chromatograph Agilent

icro GC 3000A (carrier gas helium, analytical columns: plotU,
lotQ with timed inputs and molecular sieve with backflush
nput, detector type: TDC, inlet temperature 140 ◦C, injector

emperature 100 ◦C, column temperatures 70 ◦C, column pres-
ure 2.068 bar, analysis run time 180 s).

Electron micrographs of calcined, pelleted and subsequently
intered (1350 ◦C) and reduced (1000 ◦C) samples were taken
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Table 1
Composition of tested anode materials

Samplea Nickel content (vol. %) YSZ content (vol. %) Dopant (%) Process

SGM-40 40 60 – Sol–gel in methanol
CS–40 (B1) 40 60 – Combustion synthesis
CS–50 (B3) 50 50 – Combustion synthesis
CS–50 50 50 – Combustion synthesis
C 1 Combustion synthesis
C 0.5–0.5 Combustion synthesis
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S–50–Co 50 49
S–50–Ag–Cu 50 49

a Number 40 or 50 designates the nickel content (vol.%) in final composite.

y a Zeiss Supra 35 VP SEM with an EDS analyzer instru-
ent.

. Results and discussion

The composition of samples prepared by the sol–gel and the
ombustion synthesis is listed in Table 1.

Electron microscopy of thermally treated samples shows that
ickel particles having a typical size from 1 to several microme-
ers are homogenously distributed within a continuous ceramic
hase (Fig. 2). Uniform distribution of dopants within the sam-
les can be seen from EDS mapping in all cases except for the
S–50–Ag–Cu sample where some silver-rich areas were found.

The testing procedure for carbon deposition consisted of three
hases:

TPR (temperature programmed reduction) of a given
NiO/YSZ composite by H2/Ar gas mixture.
TP deposition of carbon from dry methane/Ar gas mixture
onto the surface of the anode material under isothermal or
dynamic conditions.
TPO (temperature programmed oxidation) of the deposited
carbon.
By TPR with an Ar/H2 mixture it was assured that all nickel
xide was reduced to metal. The gas phase analysis of the Ar/H2
arrier gas that flowed through the furnace enabled also the deter-

Fig. 1. Test system for TPR, TP deposition and TPO.

c
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d

Fig. 2. SEM micrograph of thermally treated sample CS–40–B1.

ination of the reduction temperature interval and the amount
f hydrogen used for this process.

In the second phase, which proceeded under a temperature
rogrammed conditions a methane/argon mixture was blown
hrough the anode sample which resulted in the deposition of
arbon onto the sample surface (Fig. 3). The deposition of carbon
ould be followed up indirectly by measuring the concentration
f hydrogen in the carrier gas that evolved during the thermal

issociation of methane in contact with the anode material (reac-
ion (3)).

Third phase, TPO of the deposited carbon coupled with the
etermination of the amount of evolved carbon dioxide (carbon

Fig. 3. Hydrogen evolution during TP deposition of carbon.
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Fig. 4. TPO of carbon deposits on anode materials.

onoxide was present in very low concentrations) served for the
etermination of the amount of carbon deposited on the anode
aterial. Besides that, the reactivity of carbon toward oxidation
as also obtained in this way (Fig. 4).
The results of testing of different materials are given in Fig. 3.

he results obtained under the dynamic heating program of
0 K/min using dry methane mixture showed that hydrogen evo-
ution begins in a temperature interval from 350 to 610 ◦C. After
he initial temperature of hydrogen occurrence the rate of hydro-
en evolution increases with temperature but at different rates
or different samples.

Results show, that the lowest hydrogen concentration in gas
xiting the furnace was observed for the CS–50–Ag–Cu sam-
le. In the first part up to 710 ◦C the samples CS–50–Ag–Cu and
GM-40 behave similarly but after this temperature interval the
ydrogen concentration rises more steeply for the latter sample.
or samples CS–40–B1, CS–50–Co and CS–50–B3 the high-
st concentrations of hydrogen in the carrier gas were obtained.
rom these results it can be concluded that the lowest amount
f carbon deposit was formed in the case of CS–50–Ag–Cu.
he curves for hydrogen evolution were affected by the synthe-
is method used for their preparation, presence or absence of
opant, amount of nickel and also other conditions of sample
reparation.

The amount of deposited carbon was alternatively determined
n the third run of the testing procedure, after cooling down
he furnace. The methane flow was exchanged for synthetic air
80 vol.% Ar and 20 vol.% oxygen) and then the temperature
rogram was run again. This lead to TPO of the previously
ormed carbon deposit which manifests as a peak of an increased
oncentration of carbon dioxide (mainly) and carbon monoxide
n the carrier gas. From these peaks the actual amount of the
eposited carbon was calculated (Fig. 4). As expected from TP
eposition experiments the lowest carbon deposit was found in
he case of CS–50–Ag–Cu sample.

Besides the data on the amount of the deposited carbon, TPO
lso provides some data on its reactivity. Namely, the tempera-

ure at which the carbon dioxide peak has a maximum value
epends also on the form and reactivity of the deposit—the
igher the peak temperature, the lower the carbon reactivity
oward oxidation. These data may provide a useful means for

t
w
T
b

Fig. 5. Amount of carbon deposited on anode materials.

ifferentiating between various forms of the deposits especially
n the first phases of deposition when there is not enough mate-
ial to be detected by other methods. Under the same conditions,
PO of carbon nanotubes, char (soot) and graphite give temper-
ture maxima at 276, 564 and 826 ◦C, respectively. A longer
emperature interval for oxidation or a bimodal curve also indi-
ated the formation of different types of carbon species. It can
e seen from the figure that for sample CS–50–Ag–Cu very low
urve extending over a broad temperature range was observed.
ther samples showed more pronounced peaks that differed in
eight and shape. Maxima of TPO curves can be found from 477
o 520 ◦C. The amount of carbon deposited on anode materials
n moles per mole of nickel in the anode material is presented
n Fig. 5.

Testing of carbon deposition rates by the gas phase analy-
is of dry methane or other hydrocarbons in contact with anode
aterial does not entirely correspond to the conditions in a fuel

ell since in the later case high ratios of water vapor to methane
re also present. Beside that in a fuel cell the deposited carbon
an be oxidized also by the oxygen ions coming from the cath-
de side through the electrolyte to the anode side. Nevertheless,
his method enables a fast screening of the behavior of anode

aterials in contact with methane and a quick assessment of dif-
erent formulations and dopants that could give materials more
esistant to carbon deposition. The sensitivity of the method is
ery high so that the early phases of carbon deposition can be
bserved.

. Conclusion

The synthesis path, the composition as well as the microstruc-
ure of anode materials affect carbon deposition on anode sur-
ace. From the obtained results it can be seen that the sample
S–50–Ag–Cu doped with silver and copper and prepared by

he combustion synthesis, gives less carbon deposits than other
ested samples. This sample is closely followed by that prepared
y the sol gel process in a methanol medium with 40% of nickel.
uring the deposition run they behave similarly up to a tempera-

ure of 710 ◦C but at higher temperatures less hydrogen evolution

as observed for the sample marked as CS–50–Ag–Cu sample.
his was confirmed also by TP oxidation of the deposited car-
on.
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Testing of the gas phase composition (methane) in contact
ith anode materials is a fast screening method that can indicate
hich material will be more prone to form carbon deposits but

t cannot replace the conventional testing involving formation
f SOFC membrane and carrying out tests out under electrical
oad.
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