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Abstract

The equilibrium dissociative adsorption of CH4 was studied over Ni–YSZ cermet catalysts for a deeper insight regarding the natu
binding strength of generated carbon species on the Ni–YSZ surface. Three main carbon species were detected by the reactio
adspecies with H2 to produce CH4 or with O2 to produce CO and CO2. Carbidic species (Cc) are reactive with H2 and O2 at temperature
below 600 K while adsorbed carbon (Ca) species in equilibrium with CHx species react with H2 and O2 above 600 K. Graphitic carbo
layers (Cg) are formed upon CH4 adsorption above 700 K and its main characteristic is the absence of any reactivity with H2, to form CH4.
The binding energy of Ca species with respect to graphite decreases with increasing coverage ranging between 7.32±0.03 and 6.5±0.04 eV
for the low (< 0.2 ML) and high (≈ 1 ML) coverage, respectively. The presence of 1% wt of Mo either suppresses the formation of ad
graphitic layers which are not reactive with H2 or enhances the reactivity of adsorbed hydrogen atoms toward CH4 at temperatures highe
than 800 K, thus revealing the positive effect of Mo in inhibiting the formation of adsorbed graphitic layers.
 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

CH4 is considered as the main energy source for fuel
technology due to its large abundance and high H2/C ratio
as H2 source. Solid oxide fuel cells (SOFCs) that operat
high temperature (1073–1173 K) can directly process st
reforming of CH4 on the Ni/YSZ anode electrode [1–4
into CO, CO2, and H2, while CO and H2 can be readily
oxidized electrochemically at the three phase bounda
(Ni|YSZ|gas), generating electricity.

The aforementioned process termed as internal stea
forming of methane exhibits two serious problems: (i)
endothermic steam reforming reaction can cause a sig
cant cooling effect with the development of large temp
ature gradients at the SOFC’s entrance while (ii) the h
H2O/CH4 > 2 ratio, which is necessary so that coke form
tion is avoided, results in the severe decrease of the fue
open-circuit potential (emf) and consequently its efficie
toward energy production.
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An alternative utilization of CH4 that recently receive
increasing attention is its direct electrochemical oxida
for the production of synthesis gas and electricity [5,6]:

(1)CH4 + O2− → CO+ 2H2 + 2e−.

The reaction (1) is a very attractive process for SOFC ap
cations, as we can combine in a single process the con
of electricity production and useful chemical cogenera
(synthesis gas production). Synthesis gas can then be
for the production of various chemicals like methanol or
the oxo-synthesis and Fischer–Tropsch synthesis. Th
reaction (1) is exothermic with relatively high emf (1.3
at 1173 K) its main drawback from the catalytic and elec
catalytic point of view is the coke formation, which results
the rapid degradation of the anode. Carbon deposition t
place through the catalytic dissociative adsorption of CH4 on
the anode electrode surface [7–10]:

(2)CH4 → Cgr + 2H2.

Coking is considered one of the main causes of cata
deactivation in catalytic reactions involving hydrocarb
transformation. However, it is already well established
eserved.

http://www.elsevier.com/locate/jcat
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surface carbon adspecies leading to coke formation
also be the main reaction intermediates in several cata
processes like CO hydrogenation [11–14], CH4 reforming
reactions [15], and CH4 partial oxidation for the productio
of synthesis gas [16,17]. Considering that coke forma
can be the main cause of serious operational problem
development of catalytic systems that are resistive to c
formation is becoming a major challenge. For this a v
literature both experimental [7–9,18–24] and theoretical
13,25–29] was devoted to obtain a deeper insight of
surface chemistry of methane dissociative adsorption
various metals and the nature of the various carbon adsp
formed on the catalytic surface.

In order to investigate the possibility of the direct intr
duction of CH4 into a SOFC the dissociative adsorption
CH4 and the nature of the various carbon adspecies on
YSZ and Ni/Mo–YSZ were studied by means of thermod
namic equilibrium measurements and temperature prog
ming. The few studies, dealing with the catalytic proper
of the Ni/Mo-supported catalysts on coke formation dur
steam reforming of hydrocarbons, show the positive ef
of small Mo quantities on the reduction of the rate of carb
deposition on the Ni/Mo surface [30–34].

2. Experimental

2.1. Ni–YSZ and Ni/Mo–YSZ preparation and
characterization

Ni–YSZ was prepared by the sol–gel method, which
described below. Zirconium tetra-n-butoxide was dissolve
in 2-propanol and 1 N nitric acid diluted with the solve
The final alkoxide concentration was 0.05 M and
water to alkoxide ratio was fixed at 3. The hydrolysis a
condensation were carried out at room temperature u
stirring for 2 days. In order to replace the dispersion med
of 2-propanol with water, excess water was added
2-propanol was removed by evaporation. Yttrium nitr
hexahydrate and nickel nitrate hexahydrate were disso
in 10 ml of water each and they were added to the sol
stirred for 1 day. The yttrium concentration was adjusted
that the content of Y2O3 is 8% mol in YSZ, while Ni was
50% wt. The sol obtained was dried and fired in 20% O2/He
mixture (20 cc STP/min) at 1123 K with a rate of 20 K/min.
The Ni/Mo–YSZ bimetallic catalyst was prepared in t
same way as that for NiO–YSZ. The sol was dried and fi
at 573 K. Finally, Mo was added by wet impregnation, us
MoO3 diluted in a solution of NH3, to obtain 1% wt Mo/Ni
which was thereafter dried and calcined in 20% O2/He
mixture (20 cc STP/min) at 1123 K with a rate of 20 K/min.

BET and Ni surface areas were measured by the use
QuantaChrome Autosorb-1 BET and chemisorption syst
while XPS analysis was carried in an UHV equipped w
a hemispherical analyzer (SPECS LH-10) and a twin-an
X-ray gun. For the in situ measurement of Ni CO upta
s

-

r

Fig. 1. Flow chart of experimental setup.R, reactor;P, recirculation pump;
V1–V4, chromatographic valves;MFC, mass flow controllers;MC, mixing
chamber;MS, quadrupole mass spectrometer;BM, bubble flow meter.

was carried out by injecting calibrated CO pulses through
catalyst bed by means of a sample loop (1 cc, V3) (Fig. 1).
He served as the carrier gas (30 cc STP/min), while CO
mole fraction was monitored by the mass spectrometer.
was injected several times until no significant differen
could be seen in the areas of CO peaks eluted. By comp
the amount of CO detected by mass spectrometer and
amount of CO injected into the system, the quantity of
adsorbed on the catalysts could be determined.

Ni particle size was measured by XRD (Philips PW1
The calculation was based on the X-ray line broadenin
the diffraction peak according to Scherrer’s equation [3
Temperature-programmed reduction (TPR) profiles of
two catalysts were obtained by heating the samples from
to 1123 K at a rate of 20 K/min in 6% H2/He mixture with
a flow rate of 85 cc STP/min.

2.2. Experimental procedure

Thermodynamic studies were carried out in a clo
reactor loopR (Fig. 1). A KNF Neuberger diaphragm pum
P was used for the circulation of the gas inside the clo
loop so that good mixing and uniform gas phase compos
could be reached inside the reactor loop. The temperatu
the experiments was varied between 573 and 873 K.
catalyst loading in the quartz tube reactor was 300 mg w
the initial amount of the reactants (CH4 or CO) injected into
the reactor loop varied between 6 and 14 µmol so that
amount of carbon formed on the surface would vary fr
low coverage (0.05 monolayers) up to 2 monolayers (M
The reactor outlet was monitored by a Balzers Omni
quadrupole mass spectrometer. The experimental proce
for both reactions is as follows:

(i) The catalytic bed was heated to 1123 K with a rate
20 K/min under a flow of 2% H2/He mixture (122 cc
STP/min). Then the reactor was purged with pure
for 30 min. Subsequently the reactor was cooled to
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Fig. 2. Temperature-programmed reduction of NiO–YSZ (catalys
and Mo/NiO–YSZ (catalyst 2) in 5.2% H2/He. Total molar flow rate
73 µmol/s; ramp rate, 20◦/min.

reaction temperature (under closed loop conditio
and the feed gas was set up through the loop by
6-port valveV1 (Fig. 1) for the injection of a specifi
amount of CO or CH4 into the reactor loop.

(ii) After the injection, the system was left for a tim
period of 30 min to reach equilibrium. The equilibriu
was monitored by withdrawal of 0.16 cc aliquo
from the reactor loop through the chromatograp
valve V2 (Fig. 1), which were analyzed by the ma
spectrometer.

(iii) Thereafter the reactor loop was purged with He fl
(30 cc STP/min) by means of valve V4 and the
catalytic bed was rapidly cooled at room temperat
The carbon species formed on the catalytic surf
were removed by temperature-programmed sur
reaction (TPSR) under H2/He flow or by temperature
programmed oxidation (TPO) of the surface carbon
introducing pulses of O2 at low temperature. These tw
procedures are described in detail below.

2.2.1. TPSR with H2

After the reactor was cooled at room temperature the
stream, flowing through the reactor in step (iii), was repla
by 2% H2/He (152 cc STP/min) and the Ni–YSZ bed wa
heated from 300 to 1123 K at a ramp rate of 20 K/min. The
amount of methane produced was recorded as a functio
temperature by the mass spectrometer.
f

2.2.2. Oxidation of surface carbon with O2

Following step (iii) the reactor loop was purged with H
and simultaneously cooled to 473 K. A quantity of 6 µm
of O2 was injected into the catalytic bed by means of
4-port valveV3 (Fig. 2) and subsequently the reactor w
cooled to room temperature. The whole amount of O2 was
adsorbed on the catalyst surface. Thereafter the reacto
purged with He and was linearly heated with a ramp rat
20 K/min to 1123 K while CO, CO2, and H2 produced were
recorded by the mass spectrometer.

Steps (i)–(iii) of the experimental procedure were
peated by varying each time the initial amount of CH4 in-
jected into the reactor or/and the temperature of the cata
bed.

3. Results

Table 1 shows the physical properties of catalysts 1 a
regarding their surface area, Ni particle size, and comp
tion. Ni surface area that was measured as total H2 uptake
was always larger than that measured by CO chemisorp
in situ. This might be due to CO dissociative adsorption i
adsorbed O and C species while O species are rend
part of the Ni surface inactive to CO chemisorption. T
XRD spectrum of the reduced sample shows very cle
the formation of YSZ and Ni phases while the mean p
ticle size of Ni was calculated as 19.03 and 33 nm for c
lysts 1 and 2, respectively (Table 1). However, it is som
what risky to attribute the observed difference in part
size and Ni surface area only to the existence of Mo s
more measurements and larger number of samples (eve
lowing different preparation methods) are needed so tha
can reach safe conclusions. XRD measurements of the
and used samples did not show any significant chang
Ni particle size. Ni, Zr, Y, and Mo content in the Ni–YS
and Ni/Mo–YSZ samples was estimated by means of X
analysis and is shown in Table 1. It is worth noting that
was hardly detectable by XPS because of its low quantity
dilution in the bulk of Ni, and the enrichment of the surfa
with Ni [36]. As indicated in Ref. [36], where the compil
tion of surface segregation energies of all transition meta
all transition metals is estimated, Ni strongly segregate
the surface of the Mo/Ni alloys. Fig. 2 shows TPR spect
of catalysts 1 and 2. For both samples the maximum of
reduction peak is located above 750 K. The Mo-contain
sample (catalyst 2) is reduced with greater difficulty th
Table 1
Physical properties Ni–YSZ catalysts

SBET H2 uptake CO uptake Ni crystal size Nominal composition (% wt) XPS (% wt)

(m2/g) (µmol/g) (µmol/g) (nm) Ni Zr Y O Moa Ni Zr Y O

Catalyst 1 11.6 29.3 10 19.06 50 31.9 5.4 12.7 – 34.7 33.1 6.6 25.7
Catalyst 2 4.1 16.6 9 33.5 49 31.9 5.4 12.7 1 50.1 20.7 6 20

a Mo was hardly detectable by XPS.
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Fig. 3. Carbon activity,αc, during CH4 equilibrium dissociative adsorption
nCH4 = 14 µmol. Catalyst 1.

catalyst 1, exhibiting peak maximum at 835 K, i.e., 35
higher than catalyst 1, while the water peak is broader t
the major peak observed for catalyst 1. The reduction t
peratures of the two samples correlate satisfactorily with
ported values in the literature for Ni–YSZ cermet [9].

Thermodynamic equilibrium experiments of CH4 dis-
sociative adsorption were curried out at carbon covera
ranging between fractions of a monolayer and up to
monolayers. These equilibrium experiments can be use
the estimation of the binding energy of the various c
bon adspecies formed during the dissociative adsorptio
methane on the Ni surface. Fig. 3 shows the dependen
carbon activity on temperature when a dose of 14 µmo
CH4 is introduced into the reactor loop. Temperature va
from 570 to 870 K. The activity of carbon formed is give
by

(3)αc = KCH4

P 2
H2

/PCH4

,

whereKCH4 is the equilibrium constant of reaction (2) andP

is the measured equilibrium partial pressures of H2 and CH4.
It is quite interesting to note, in Fig. 3, the sharp decreas
the activity of carbon (αc) at temperatures around 700
It can be seen thatαc at temperatures higher than 700 K
approaching 1, which corresponds to the activity of graph
carbon.

In order to elucidate the nature of the carbon adspec
formed on the catalytic surface during CH4 equilibrium
dissociative adsorption, temperature-programmed sur
reaction experiments were carried out under H2 flow through
the catalytic bed of Ni/YSZ. H2 reacts with the adsorbe
carbon species forming CH4. This is shown in Fig. 4
where the rates of formation of CH4 are plotted versu
temperature. The different TPSR spectra correspon
various carbon deposition equilibrium experiments, wh
f

Fig. 4. Temperature-programmed surface reaction (TPSR) of su
carbon under 2.8% H2/He flow, deposited during equilibrium dissociativ
adsorption of CH4. Total molar flow rate, 134 µmol/s. Ramp rate, 20◦/min,
nCH4 = 14 µmol. Catalyst 1.

were carried out at different temperatures. It can ea
be concluded that the TPSR spectra of Fig. 4 can
divided into the low temperature (below 700 K) and hi
temperature (above 700 K) regions. The low tempera
region consists of at least three CH4 peaks and it range
between 350 and 700 K while these carbon/carbonaceou
(hereafter referred to as Cc) species, which are reactive
low temperatures, are formed in the whole temperature ra
that equilibrium experiments were carried out. The h
temperature peak consists of one CH4 peak, which exhibits
a maximum at 810 K and corresponds to carbon spe
(hereafter referred to as Ca) that have been formed durin
CH4 dissociation at temperatures above 670 K. Anot
very interesting feature of the TPSR experiments is
rather unexpected formation of CO, which is detected
temperatures above 800 K. This unexpected CO forma
under H2 flow can be attributed to the oxidation of the
H2 nonreactive carbon species (hereafter referred to asg),
by reactive oxygen species of YSZ that can be evol
at temperatures above 850 K [37,38]. Fig. 5 shows
effect of temperature, at which the equilibrium experime
were carried out, on the total carbon quantity deposited
on the distribution of the CH4 and CO produced durin
the TPSR experiment. CH4 quantity exhibits a maximum
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Fig. 5. Effect of temperature on the deposited quantity of the various ca
species deposited during the equilibrium dissociative adsorption of C4.
Conditions as in Fig. 4. Catalyst 1.

around 750 K while CO quantity increases monotonou
with increasing temperature. It is also worth noting thatg
species are observed when carbon adspecies, correspo
to the high temperature CH4 peak (Ca), is developed on th
Ni surface (Fig. 4).

In order to study the effect of H2 partial pressure on th
formation of the various carbons species different H2/CH4
ratios were introduced into the reactor, while CH4 quantity
was kept constant at 14 µmol. The TPSR spectra of F
depict the effect of the H2/CH4 ratio that was introduce
into the reactor loop, on the distribution of the various car
adspecies on the Ni–YSZ surface, during the equilibr
dissociative adsorption of CH4. It is very clearly shown tha
upon increasing H2 partial pressure Ca species coverag
decreases and disappears at H2/CH4 = 1, while a slight
increase in the Cc species coverage is observed. The quan
of the Cg species does not vary significantly with increas
H2/CH4 ratio (Fig. 6). However at H2/CH4 = 1 they are
not detected in the TPSR spectra similar to the case oa
species. The activity of the carbon species formed during
H2/CH4 equilibrium experiments is calculated by Eq. (
and it is plotted versus H2/CH4 ratio as shown in Fig. 7
Similar to the carbon activity shown in Fig. 3 a threefo
increase in carbon activity (αc) is observed, with increasin
H2/CH4 ratio, which corresponds to the decrease in
coverage of Ca and Cg species.

A similar picture can be observed during the temperat
programmed oxidation of the adsorbed carbon/carbona-
ceous species on the Ni surface (Fig. 8). As can be obse
the low temperature reactive adspecies (Cc) are oxidized
almost completely into CO2 while CO is formed with high
g

d

Fig. 6. TPSR spectra of surface carbon under 2.8% H2/He flow (a) and
distribution of Cc, Ca, and Cg species for variousnH2/nCH4 ratios (b),
nCH4 = 14 µmol. Total molar flow rate, 134 µmol/s; ramp rate, 20◦/min.
Catalyst 1.

Fig. 7. Effect of the initial nH2/nCH4 ratio on carbon activityαc.
Conditions as in Fig. 6. Catalyst 1.

selectivity by the oxidation of the high temperature reg
carbon species (Ca and Cg). It is worth noting that the
low temperature oxidation peak, which corresponds toc
species, is a single peak giving a single maximum at 600
contrast to the corresponding low temperature methana
peaks, which are distributed within a temperature rang
400 K (300–700 K). Another very significant observation
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Fig. 8. Temperature-programmed oxidation (TPO) of surface carbon
different initial nH2/nCH4 ratios,nCH4 = 14 µmol. Adsorbed O2 quantity
at 470 K, 6 µmol. Ramp rate, 20◦/min. He molar flow rate, 26 µmol/s.
Catalyst 1.

the evolution of small amount of H2 (< 5% of CO produced
that seems to coincide with the peak of CO evolved at aro
780 K, thus indicating the existence of stable hydrogen
carbon species (CHx ). In fact H2 evolution, instead of H2O
as the expected oxidation product, can be attributed
kinetic factors related to the limited amount of oxygen t
was initially adsorbed on the Ni surface, i.e., before the T
experiment. However, the TPO experiment of Fig. 8 sho
that carbon is oxidized with higher selectivity compared
the oxidation of H2.

Fig. 9 shows detailed equilibrium measurements that
pict the effect of temperature on the equilibrium product
the dissociative adsorption of CH4 toward the production o
adsorbed carbon species and H2 on catalysts 1 and 2. It mus
be noted that the behavior of catalyst 2 containing 1%
Mo was similar to that of catalyst 1, regarding the type
generated carbon species on the surface during the
librium dissociative adsorption of CH4. The difference was
the absence of CO formation during TPSR experiments
stead, carbon species formed in the equilibrium experim
at temperatures above 770 K (region III in Fig. 9) wou
produce CH4 at elevated temperatures even above 90
(Fig. 10). However, larger amounts of Mo exceeding 5%
do affect significantly the nature of deposited carbon [3
The solid line in Fig. 9 corresponds to the equilibrium of
action (2) resulting in the formation of graphitic carbon a
-

Fig. 9. Effect of temperature on the equilibrium productP 2
H2

/PCH4 of
reaction (6) for variousnCH4 values. Solid line corresponds to the Van
Hoff diagram of reaction (6).

Fig. 10. TPSR of surface carbon under 2.8% H2/He flow, deposited
during equilibrium dissociative adsorption of CH4. Total molar flow rate,
134 µmol/s. Ramp rate, 20◦/min. nCO = 14 µmol. Catalyst 2.

H2. Fig. 9 shows the existence of three regions. The first
(labeled as I in Fig. 9) is the low temperature region co
sponding to the formation of Cc species. The second regio
(labeled as II in Fig. 9) corresponds to the transition wh
the Ca species are developed until they reach to a maxim
deposited amount, thus corresponding to the transition f
high to low thermodynamic activity as depicted in Fig.
In the third region (labeled as III in Fig. 9) the equilibriu
product is very close to the equilibrium of reaction (2) c
responding to graphite formation.

4. Discussion

The nature of various carbon species has receive
increased interest by a vast number of researchers
to its dual role as intermediate species for hydrogena
reactions and as deactivation agent in its graphitic form
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Fig. 11. TPSR of surface carbon under 2.1% H2/He flow, deposited
during equilibrium dissociative adsorption of CO. Total molar flow ra
132 µmol/s. Ramp rate, 20◦/min. nCO = 6 µmol. Catalyst 1.

has been already well established experimentally that
active carbon species leading to hydrogenated product
in the carbidic form while its graphitic form is consider
inactive for hydrogenation reactions [14]. As already no
in the present study, the equilibrium dissociative adsorp
of CH4 resulted in the formation of three types of species
these were detected based on their reactivity with H2 and O2
to form CH4 and carbon oxides.

4.1. Low temperature reactive carbon species (Cc)

The low temperature reactive carbon species lab
as Cc can be attributed to carbidic carbon bonded w
the Ni surface. Similar equilibrium experiments, with C
dissociative adsorption on Ni–YSZ, resulted in adsor
carbon deposits whose TPSR spectra under H2 flow (Fig. 11)
seem to be very similar to the corresponding low tempera
region TPSR spectrum following the dissociative adsorp
of CH4 (Figs. 4 and 6a). The carbidic nature of the carb
species originating from the dissociative adsorption of C
deduced by the calculated enthalpy change of the rea
(
H = −104.6 ± 2.5 kJ/mol) derived by the slope o
the plot of the equilibrium productPCO2/P

2
CO versus 1/T

(Fig. 12). This enthalpy change corresponds to the reac
of CO with Ni for the production of Ni3C and CO2,

(4)2CO+ 3Ni ↔ CO2 + Ni3C,

thus being in excellent agreement with the calculated th
retical value which is equal to−103.73 kJ/mol at 700 K.
The entropy change calculated from the data of Fig.
is equal to−94.7 ± 3.6 J/mol K, which is by 67.43 ±
3.6 J/mol K less than that corresponding to reaction (4). T
rather indicates that the carbidic species formed during
dissociative adsorption are surface species with a highe
gree of freedom.

On the contrary as it is very clearly shown in the lo
temperature region I of Fig. 9 the calculated enthalpy cha
e

-

Fig. 12. Effect of temperature on the equilibrium productPCO2/P 2
CO of

reaction (4) (catalyst 2). Solid line corresponds to the Van’t Hoff diag
of reaction (4).

corresponding to the dissociative adsorption of CH4 is equal
to 97.8± 3.3 kJ/mol, thus indicating that under equilibriu
conditions the generated carbon species do not react
Ni to form carbide. It is rather plausible to assume t
the carbon species formed under equilibrium condition
mainly composed of hydrogenated carbon (CHx) ending in
and being in equilibrium with a very small coverage
adsorbed carbon Ca on the Ni surface. The existence
CHx species can also be deduced by the evolution of2
during the TPO experiments as depicted in Fig. 8. Alst
and Tavares proposed kinetic expressions for the ca
formation on Ni and Ni–Cu supported on silica which ta
into account as a rate limiting step one of the succes
dehydrogenation steps of CH4 into CHx species [7,8]. Upon
opening the reactor loop and purging the reactor with H
is rational to consider that the hydrogenated carbon spe
are decomposed forming a carbidic layer, which is t
hydrogenated into CH4 at temperatures below 700 K, th
giving the characteristic TPSR spectra of Figs. 4, 6, and

In a very comprehensive article Klinke et al. [25] c
ried out theoretical calculations on the binding energy of
sorbed carbon species at different coverages on Ni(111)
face. They concluded that at low coverages ca. 0.25 ML
binding energy of carbon adatoms with Ni(111) surfac
6.68 eV. Correspondingly the slope of the exponential fit
of region (I) (Fig. 9) can give an estimate of the binding
ergy of adsorbed carbon on the Ni–YSZ surface at these
coverages with respect to graphite [21]. Fig. 13 shows
total coverage of carbon species that corresponds to th
perimental data of Fig. 9. The coverage of deposited ca
adspecies, in the low temperature region (I), is quite sm
(< 0.2) while it does not vary significantly with increasin
temperature. In this respect the diagram of region (I) in Fi
can be considered as the isostere for CH4 dissociation on
Ni–YSZ into adsorbed carbon species and H2. According to
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Fig. 13. Surface carbon coverage during CH4 equilibrium dissociative
adsorption for various initial amounts of CH4. Conditions as in Fig. 9
Catalyst 2.

the aforementioned considerations the binding energy o
sorbed carbon species on the Ni–YSZ surface, corresp
ing to the enthalpy change of 97.8± 3.3 kJ/mol as this was
estimated from region I of Fig. 9, is equal to 7.32± 0.03 eV,
rather close to the low coverage value of 6.68 eV that
calculated theoretically [25].

4.2. Adsorbed carbon at higher coverage (Ca)

As was shown in Fig. 4 Ca species appears at tempe
tures above 670 K while its coverage depends both on
perature and onPH2/PCH4 ratio (Fig. 6). Further its appea
ance is accompanied by the decrease of adsorbed ca
species activity (αc) so that it approaches unity at high
temperatures (Fig. 3), thus coming closer to the activity
graphitic carbon. However, the gradual decrease of the
bon species activity with increasing temperature and
creasingPH2/PCH4 (Figs. 3 and 7), or similarly as shown
Fig. 9 the corresponding gradual approach of the equilibr
productP 2

H2
/PCH4 to that of reaction (2), denotes that t

binding strength of Ca species with the Ni surface varies wi
increasing coverage. Combining the data of Figs. 9 and
we construct the isostere at constant carbon coverage (1
or ca 5 µmol carbon adsorbed) by plottingP 2

H2
/PCH4 ver-

sus 1/T (Fig. 14). The slope of the curve corresponds to
enthalpy of the reaction,

(5)CH4 ↔ Ca + 2H2,

which is found to be equal to 186.48± 4.3 kJ/mol. The
difference of the enthalpies of reactions (5) and (2) eq
101.48± 4.3 kJ/mol, thus corresponding to the enthalpy
formation of Ca species with respect to graphite. Accor
ingly its binding energy is 6.5± 0.04 eV. Therefore it can b
concluded that the gradual increase of the Ca species cov-
erage results in the weakening of the carbon bond with
Ni surface by ca 0.8 eV as compared to the low cover
binding energy of region I (Fig. 9). Further increase in te
-

n

Fig. 14. Isostere for CH4 equilibrium dissociative adsorption correspondi
to carbon coverage of 1 ML based on the combination of data from Fig
and 13. Catalyst 2.

perature and carbon surface concentration most probab
sults in the formation of adsorbed graphitic layer (Fig. 9
gion III).

Takeuchi and Wise [21] studied the thermodynamic pr
erties of adsorbed carbon on Ni/Al2O3 catalysts originat-
ing from the dissociative adsorption of CO. They repor
that the enthalpy of formation of adsorbed carbon spe
with respect to graphite decrease with increasing cove
ranging between 52 and 35 kJ/mol corresponding to cov
erages 0.5–0.9 ML. However, based on theoretical ab
tio calculations, Klinke et al. [25] concluded that the bin
ing energy of adsorbed carbon species on Ni(111) decre
with increasing coverage because of the development o
rect carbon–carbon interactions on the surface. The bin
energy of 1 ML of adsorbed carbon was estimated eq
to 4.97 eV which is almost 2 eV less than the correspo
ing estimated value at 0.25 ML. Further increase of car
concentration to 2 ML results in the formation of adsorb
graphite with binding energy 7.75 eV which correspon
mainly to carbon–carbon bonding. At this point it must me
tioned that the present experimental conclusions are in
good qualitative agreement with the conclusions of Klin
et al. [25]. Beyond the inherent discrepancies due to the
ture of the theoretical approximations, it must be noted
the use of a polycrystalline sample instead of a single cry
plane is also the main reason for the discrepancies betw
the present experimental results and the theory reporte
Klinke et al.

4.3. Graphitic carbon layers (Cg)

As already presented in the TPSR spectra (Fig. 4) C
evolved at temperatures above 800 K, though a 2% H2/He
mixture was flowing through the reactor. Two factors sho
coincide for the CO formation at these high temperatu
(i) the nonreactivity of these carbon species with H2 to form
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CH4 and (ii) the existence of O2 source to oxidize residua
carbon.

It is already well established that graphitic carbon
not hydrogenated into CH4 or any other hydrogenate
species [14]. In his pioneering work Tibbetts develope
model, by means of the VLS (vapor-liquid-solid) theo
which shows that carbon precipitates into its tubular b
graphitic form because of the exceptionally low surface
energy of these graphitic planes, thus rendering grap
carbon tubes chemically stable [40]. Baker and Metcalf
performed CH4 adsorption experiments on Ni–YSZ cerm
with 69.4% wt Ni. The hydrogenation of carbon speci
which were formed by CH4 adsorption at various tempe
atures, produced CH4 with peak maxima at 730 and 940
while the amount of carbon that was formed at adsorp
temperatures above 900 K was significantly less reac
with H2 to form CH4 [9]. Thus, it is quite rational to con
sider that Cg species belong to graphitic layers (not react
with H2) deposited on the Ni surface.

Since no O2 was available from the gas phase, the o
possible explanation is the release of oxygen from the Y
support, at these high temperatures, which readily re
with graphitic carbon toward CO formation. CO formati
(ca. 250 ppm) was detected during CH4 decomposition on
Ni/SiO2 and Ni/H-ZSM-5 [10]. Its origin was attributed
to the oxidation of the carbon species by residual hydro
species on the supporting material [10].

It is known from the literature that YSZ releases ox
gen at temperatures above 800 K, thus being transfor
into nonstoichiometric oxide [37,38]. Zafeiratos and Ke
nou [41] showed that Ni nanoparticles interfaced with Y
single crystal are oxidized into NiO at temperatures ab
700 K due to the mobility and spillover of O originating fro
the YSZ. In a recent article Tsiplakides and Vayenas [
have measured for the first time the absolute potentia
electrodes interfaced with YSZ and they concluded that
absolute voltage of the electrode is determined by theδ−
double layer which is formed because of the spillover of O2−
from the YSZ substrate/solid electrolyte all over the elec
trode surface at temperatures higher than 600 K.

However in the case of catalyst 2 the presence of s
quantities of Mo 1% wt seems to affect significantly t
development and reactivity of graphitic layers. As shown
Fig. 10 H2 reacts with carbon species toward CH4 even at
temperatures exceeding 900 K without any CO formatio
is worth noting that these species are formed at tempera
corresponding to region III of Fig. 9 where the carb
activity αc is very close to 1, implying that the chemic
potential of these carbon species is very close to tha
graphitic carbon. Such behavior reveals the positive e
of small quantities of Mo on the inhibition of adsorb
graphitic layer formation. Borowiecki et al. [43] studied t
effect of Mo as a promoter on the activity and resistiv
to coke of Ni supported on Al2O3 during the carbon
deposition and gasification reactions under steam reform
and dehydrogenation ofn-butane. They concluded that M
s

itself does not exhibit any specific effect on the rate
carbon deposition during the hydrogenolysis ofn-butane.
However the promoting role of a small Mo addition is qu
evident in the presence of H2O or H2 as the gasification
agents of the carbon deposits. Similarly in the present s
the thermodynamic behavior of CH4 dissociation (Fig. 9)
indicates that the surface species on both catalysts 1 a
are similar as the two equilibrium curves coincide w
each other. However, the difference in hydrogenationact
of the two catalysts (Figs. 4 and 10) can be attribu
to the promoting role of Mo in activating H2 toward the
hydrogenation of Cg species into CH4 [43].

5. Conclusions

The main conclusions of the present study can be s
marized as follows:

(i) The equilibrium dissociative adsorption of CH4 on Ni–
YSZ catalysts revealed the formation of three main car
species as these were detected by reacting with H2 to pro-
duce CH4 and with O2 to produce CO2 and H2. Carbidic
species (Cc) are reactive with H2 and O2 at temperatures be
low 600 K while adsorbed carbon (Ca) species in equilib
rium with CHx species react with H2 and O2 above 600 K.
Graphitic carbon layers (Cg) are formed upon CH4 adsorp-
tion above 700 K and its main characteristic is the abse
of any reactivity with H2 to form CH4.

(ii) The binding energy of Ca species with respec
to graphite decreases with increasing coverage ran
between 7.32 ± 0.03 and 6.5 ± 0.04 eV for the low
(< 0.2 ML) and high (≈ 1 ML) coverage, respectively.

(iii) The presence of 1% wt of Mo either suppress
the formation of nonreacting adsorbed graphitic layers
enhances the reactivity of H2 toward CH4 at temperature
higher than 800 K. This behavior reveals the positive ef
of Mo in inhibiting the formation of adsorbed graphit
layers.
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