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Abstract

Methane dissociative adsorption and partial oxidation reaction were studied by means of adsorption equilibrium and transient experiments on
Au-modified Ni/YSZ powders. It was found that the addition of 1% atomic ratio of Au with respect to Ni on Ni/YSZ cermet catalyst (total metal
loading 50 wt%) significantly affects both the kinetics of CH4 dissociative adsorption and the binding strength of the adsorbed CH, species on the
Ni surface. The formation of graphitic carbon is significantly inhibited, whereas the hydrogenation of CHy species into CHy, studied by means
of temperature-programmed reaction spectroscopy (TPRS), occurs at temperatures 100 K higher than on the unmodified Ni/YSZ surface. This
implies higher stability and elongation of the CHy species lifetime on the NiAu/YSZ surface before their decomposition into surface carbidic
species. The oxidation reactions involve both the oxidation of CH,; species into CH, O and its subsequent decomposition at elevated temperatures
(700 K) into CO and H,, whereas carbidic species are selectively oxidized into CO, at temperatures as low as 500 K. In this respect, the higher
CHy, surface concentration on the Au-modified Ni/YSZ species will result in higher selectivity toward the production of synthesis gas, with greatly

suppressed graphitic carbon formation.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Electrochemical methane oxidation in solid oxide fuel cells
(SOFCs) has received considerable attention for both its com-
plete oxidation and the cogeneration of synthesis gas and elec-
tric power [1-9]. In general, the electrochemical oxidation of
methane can be described as

CHa, CO,, CO, Hy, MI(ZtO, 8 mol% Y,03)IM/, air. 0

Oxygen ions, 0>, are formed on the air cathode electrode (M)
and are readily transferred to the anode electrode catalyst (M)
through the YSZ electrolyte. On the anode, they can be either
discharged, forming oxygen, or oxidize methane.
Electrochemical oxidation of methane to synthesis gas has
several advantages over catalytic oxidation of methane [2,3,5].
It enables the simultaneous production of synthesis gas and
electricity, thus combining the concepts of a chemical reactor
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and power generator. Because CHy and O; (air) are separated
by the YSZ electrolyte, the danger of the formation of an ex-
plosive reaction mixture or the development of hot spots in
the reactor by the highly exothermic complete oxidation is di-
minished. When air is used as an oxidant, nitrogen does not
accumulate in the final product, because oxygen is separated
from nitrogen at the cathode, that is, at the stage when it is fed
to the reaction zone. In this respect, the studies in this field are
quite interesting and attractive both to elucidate the feasibility
of the electrocatalytic conversion of methane to synthesis gas
and to develop the natural gas-fueled SOFC capable of cogen-
erating electricity and synthesis gas.

In principle, an SOFC can operate on any combustible fuel
that can react with oxide ions pumped through the electrolyte
onto the anode. Toward this direction, the synthesis and devel-
opment of electrocatalytically active anodes for the CH4 oxida-
tion are important to the design and development of SOFCs ca-
pable of direct electrocatalytic oxidation of methane and other
hydrocarbons.
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In this context, the Ni/YSZ cermet anode is the most pop-
ular electrocatalyst for both Hy and CH4 oxidation [5,7,9-11].
In practice, the high operating temperatures (>870 K) in the
presence of hydrocarbons can lead to carbon formation on the
Ni/YSZ anode, resulting in rapid degradation of the electrode.
Carbon deposition occurs through the catalytic dissociative ad-
sorption of CHy on the anode electrode surface [12—14],

CH4 — Cgr + 2H,. @)

One approach to avoid carbon formation using the conventional
Ni/YSZ cermet anode is to operate the fuel cell under mod-
ified operating conditions, that is, intermediate temperatures
with continuous current flow in the presence of steam [1,7,10].
However, the addition of a high steam:CH4 ratio (2:1) reac-
tion mixture results in partial oxidation of the Ni/YSZ anode
and, according to Nerst’s equation, reduction of its open cir-
cuit potential (OCP). This results in poorer performance of the
Ni/YSZ anode and a negative effect on its oxidative stability.
Thus, a long-sought goal for the successful implementation of
SOFC technology is the synthesis and development of CHgy-
exposed carbon-tolerant anodes.

Toward this direction, Ni-based anodes exhibit analogous
behavior to the steam-reforming supported nickel catalysts.
Several studies have shown that the addition of alkali [15-17] or
other metals [18—22] reduces carbon formation under methane-
reforming reactions. Borowiecki et al. [18,19] have shown that
adding 1 wt% Mo to the supported Ni catalysts significantly
reduced carbon deposition. Another previous study found that
the presence of small quantities of Mo (1 wt%) on Ni/YSZ sup-
pressed the formation of adsorbed graphitic layers during the
dissociative adsorption of CH4 [21]. However, as predicted the-
oretically and observed experimentally, the most promising be-
havior toward increased carbon tolerance of the Ni surface was
obtained by adding small amounts of Au (<0.1 Ni surface cov-
erage) with respect to Ni loading on Ni/Al,O3 catalysts [22].

In the light of the aforementioned theoretical and experi-
mental considerations, the aim of this paper is to elucidate the
role of adding Au on Ni/YSZ cermet in terms of the formation
and nature of the various carbon adspecies on the NiAu/YSZ
surface and the surface kinetic mechanism for the partial oxida-
tion of CH4 by means of thermodynamic equilibrium measure-
ments and temperature-programmed desorption and reaction
spectroscopy.

2. Experimental
2.1. Ni/YSZ and NiAu/YSZ preparation and characterization

YSZ was prepared by the sol-gel method starting from the
hydrolysis of zirconium tetra-n-butoxide and the subsequent
addition of yttrium nitrate hexahydrate. Sol preparation was
done as described previously [21]. Ni(NO3), and HAuCl, were
added in the final sol of ZrO; and Y,0O3 to obtain a final prod-
uct with 50 wt% Ni and Au atomic ratios of 0.2 and 1 at%
with respect to Ni. After drying, the final powders were cal-
cined under O,(20%)/He flow (100 cc STP/min) at 1173 K, at
a rate of 20 K/min, for 1 h. Before use, the catalysts were re-
duced under H»>(5%)/Ar flowing atmosphere at a total flow rate
of 150 cc STP/min. The temperature was ramped at a rate of
20 K/min up to 1123 K and kept there for 1 h.

BET and specific surface areas were measured using a Quan-
taChrome Autosorb-1 BET and chemisorption system, and XPS
analysis was carried out in a UHV equipped with a hemispher-
ical analyzer (SPECS LH-10) and a twin-anode X-ray gun.
For the in situ measurement of specific surface area, CO up-
take was measured by injecting calibrated CO pulses through
the catalyst bed by means of a 1-cc sample loop (Fig. 1). Ar
served as the carrier gas (30 cc STP/min), and CO mole frac-
tion was monitored with a quadrapole mass spectrometer (Balz-
ers Omnistar). CO was injected several times until no signifi-
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Fig. 1. Flow sheet of the 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.
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cant difference could be seen in the areas of CO peaks eluted.
Comparing the amount of CO detected by mass spectrometry
with the amount of CO injected into the system yielded the
quantity of CO adsorbed on the catalysts. Ni/Au particle size
was measured by XRD (Philips PW18). The calculation was
based on X-ray line broadening of the diffraction peak accord-
ing to Scherrer’s equation. Temperature-programmed reduction
experiments were performed using a TA Instruments thermo-
gravimetric analyzer under Hy flow with a temperature ramp
rate of 20 K/s.

2.2. Thermodynamic equilibrium experiments

The experimental procedures for equilibrium adsorption and
transient experiments were as described previously [21]. Here
we give only a brief description of these procedures. Fig. 1
shows a schematic diagram of the experimental setup. Ther-
modynamic studies were carried out in a closed reactor loop.
A KNF Neuberger diaphragm pump was used to circulate gas
inside the closed loop, to ensure good mixing and uniform gas-
phase composition in the catalytic bed (Fig. 1). The experiments
were carried out in a temperature range of 573-973 K. The cat-
alyst loading in the quartz tube reactor was 0.8 g for Ni(Au
0.2 at%)/YSZ and 1.0 g for Ni(Au 1.0 at%)/YSZ, and the initial
amount of CHy injected into the reactor loop varied between 3
and 60 umol. The reactor outlet was monitored using a Balzers
Omnistar quadrupole mass spectrometer.

2.3. Temperature-programmed experiments

The carbon species formed on the catalytic surface were re-
moved by temperature-programmed surface reaction (TPSR)
under Hy/Ar flow or by temperature-programmed oxidation
(TPO) of the surface carbon. For the TPSR experiments, the
reactor was cooled at room temperature under an Ar stream
and then heated from 300 K to 1123 K in a flow of 2% Hj/Ar
(152 cc STP/min) at a ramp rate of 20 K/min. For the TPO
experiments, the reactor loop was purged with Ar and cooled,
and at temperatures below 473 K pulses of O, were injected
into the catalytic bed through a four-port valve (Fig. 1). The
total amount of O, adsorbed on the catalyst surface was con-
trolled so that the resulting O,/(surface carbon) ratio was equal
to 2. Thereafter, the reactor was linearly heated under Ar flow
(30 cc STP/min) to 1123 K at a ramp rate of 20 K/min. The
products of both procedures were recorded as a function of
temperature by a quadrupole mass spectrometer (Balzers Om-
nistar).

2.4. Pulse experiments

Pulse experiments were carried out to confirm the conclu-
sions drawn regarding the surface reactions’ scheme for CHy
partial oxidation into synthesis gas. Although transient pulse
experiments are not sufficient to reach final conclusions regard-
ing the steady-state catalytic activity, nevertheless information
can be extracted concerning the reaction mechanism and the na-
ture of the surface species responsible for the production of cer-

tain products by comparing their evolution time and their distri-
bution at the reactor outlet. In the present case, these transient
pulse experiments could be carried out either by introducing a
pulse of CH4 and O; through the reactor or by preadsorbing
O; and pulsing only CHy4. The second choice can give a clearer
picture due to the smaller number of processes involved, be-
cause O is already adsorbed on the Ni/YSZ surface. To control
the initial oxygen coverage on the Ni surface, a certain amount
of oxygen was preadsorbed on the Ni/YSZ surface, and then
a certain amount of CHs was pulsed through the Ni/YSZ cat-
alytic bed while the reactor outlet was continuously monitored
by a quadrupole mass spectrometer. A 50-mg sample of Ni/YSZ
catalyst was used, and the preadsorbed O, coverage on the sur-
face was formed by pulsing 2.1 and 4.4 umol O;. The amount
of CH4 pulsed was 2.2 umol in both cases.

3. Results
3.1. Physicochemical properties of Ni/Au-YSZ

As mentioned in Section 2, the physicochemical character-
ization of the two NiAu/YSZ samples was based on BET and
chemisorption measurements of surface area, whereas conclu-
sions on the chemical and structural states were based on XPS
and XRD measurements. Table 1 shows the measured surface
areas and Hy and CO uptakes of the two Ni/Au catalysts. The
BET surface area is within experimental error for both samples,
in accordance with the similar particle sizes of the two sam-
ples, as measured by XRD. In the case of Hy chemisorption,
the measured Ni active surface area appears to be lower in the
sample with the higher gold content, which can be attributed to
the screening of the Ni surface by the Au particles. This finding
is corroborated by the XPS measurements showing that Au is
accumulated on the surface; in the two samples, the estimated
Au content is three times higher than the nominal content (Ta-
ble 2).

CO uptake measurements before, during, and after the ex-
periments (Table 1) showed that the two catalysts exhibited
no alterations in surface area during or after the equilibrium

Table 1

BET surface areas and Hy and CO uptakes of Ni/Au-YSZ catalysts

Ni/Au- Sger  Ho CO uptake (umol/g) Cfrom Particle size

YSz (m?/g) uptake  Fresh Endofex- TPSR ~ (nm)
(umol/g) catalyst  periment (Mmol/g) Nj? YSZ2

0.2 at% Au 7.6 35.1 21.9 21.3 20.5 20.2 293

1.0 at% Au 7.2 25.2 5.9 5.4 5.1 203 294

@ Determined from Ni(011) and YSZ(111) reflections according to the Scher-
rer equation.

Table 2
Surface composition of Ni/Au-YSZ catalysts based on XPS

Ni/Au-YSZ Nominal composition (wt%)
Ni Au  Zr Y O Ni Au  Zr Y O

02at% Au 499 023 318 54 127 524 044 223 55 193
1.0at% Au 494 1.17 315 53 126 402 325 232 23 309

Calculated composition (wt%)
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Fig. 2. Temperature-programmed surface reaction (TPSR) following CO
chemisorption at r.t. on Ni(Au 0.2 at%)/YSZ and Ni(Au 1.0 at%)/YSZ under
2.5% Hy/Ar flow. Total flow rate 167 cc STP/min, ramp rate 20 K/min.

CH4 adsorption and transient reaction experiments. However,
the measured CO uptake differed significantly from the cor-
responding Hp chemisorption experiments, especially for the
high-Au content sample (Table 1). To gain a deeper insight
into this discrepancy, TPSR experiments were carried out un-
der Hy/Ar flow after CO chemisorption using the conditions
described in Section 2. These experiments are depicted in Fig. 2
for both samples, and the main observations can be summarized
as follows:

1. Similar amounts of CO desorb from both samples and
within the same temperature range (Fig. 2).

2. The evolved CHy4 originates from the hydrogenation of ad-
sorbed CO/C species and exhibits the same peak maximum
but a different peak temperature distribution between the
two samples. Most significantly, the amount of CHy for-
mation on Ni(Au 1.0 at%)/YSZ is an order of magnitude
smaller than the corresponding amount formed on Ni(Au
0.2 at%)/YSZ.

3. Small amounts of CO;, and water are formed mainly on
Ni(Au 0.2 at%)/YSZ.

4. As shown in Table 1, the total amount of CO uptake
measured during the CO pulses is equal (within experi-
mental error) to the amount of carbon extracted by the
TPSR experiment. In this respect, any possible formation
of Ni(CO)4 [23] is considered negligible and does not af-
fect the measured CO uptake shown in Table 1.

These observations lead to the conclusion that Ni(Au 1.0
at%)/YSZ is far less active for CO hydrogenation/methanation
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Fig. 3. Temperature-programmed reduction (TPR) by means of thermal gravi-
metric analysis (TGA) under 7.7% Hj/Ar, flow rate = 65 cc STP/min, ramp
rate = 20 K/min.

reaction by affecting either CO chemisorption or CO dissocia-
tion toward the formation of carbidic species that are reactive
with Hp toward CH4 formation. Thus it is possible that CO
chemisorption corresponds not to the real surface area of the Ni
phase, but rather to the total CO uptake, which strongly depends
on the catalytic properties of the surface, that is, its ability to ad-
sorb strongly or weakly and dissociate CO or to be restructured
when in contact with the chemisorbed gases [23]. As discussed
later, Au has a detrimental effect on the catalytic properties of
the low Au content Ni(Au 0.2 at%)/YSZ, and its behavior re-
sembles that of Ni/YSZ.

Fig. 3 depicts the results of temperature-programmed reduc-
tion experiments carried out by TGA. The samples were heated
linearly at a ramp rate of 20 K/min from 300 to 1123 K under
8% Hj/Ar flow (65 cc STP/min). As shown, the Au modified
Ni/YSZ samples were reduced at temperatures even 150 K be-
low the reduction temperature of Ni/YSZ itself [21]. In particu-
lar, Ni(Au 1 at%)/Y SZ exhibited two overlapping peaks around
the location of the peak maximum (~630 K) which is 90 K be-
low the H; reduction peak temperature (~720 K) of the Ni(Au
0.2 at%)/YSZ. Thus, according to the aforementioned TGA
experiments, it can be deduced that the lower reduction tem-
perature of the Au-modified Ni/YSZ catalysts implies a weaker
Ni—O bond.

Fig. 4 shows XPS measurements of Ni corresponding to
the Ni2p photoelectrons of the two NiAu/YSZ samples. Before
being transferred to the UHV system, the samples were prere-
duced at 1123 K for 1 h under Hy(5%)/He flow (100 cc STP/
min). After prereduction, the samples were mounted on the
atmospheric pressure prechamber/reactor, which was mounted
onto the fast-entry system of the UHV system, where they were
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Fig. 4. XP spectra of Ni2p core level for the catalysts Ni(Au 0.2 at%)/YSZ at 770 K (—) and Ni(Au 1.0 at%)/YSZ at 770 K (---) and 970 K (- --).

pretreated under pure Hy flow (1 bar) at 1000 K for 10 min.
Subsequently, the sample was evacuated and introduced di-
rectly into the analysis UHV chamber without being exposed to
the atmosphere. The XP spectra were recorded while the sam-
ples were heated at 770 K. The spectrum recorded for Ni(Au
0.2 at%)/YSZ shows that Ni is in the metallic state, as expected
because the samples were reduced under H flow. Surprisingly,
the spectrum of the Ni2p photoelectrons initially recorded at
770 K for the Ni(Au 1 at%)/YSZ sample shows that most of
the Ni is in either the form of NiO (854.2 eV) or the form
of Ni(OH), (855.5 eV) [24]. Such behavior was reported by
Zafeiratos and Kenou [25], who recorded the progressive ox-
idation of Ni or NiAu thin films deposited on YSZ when the
samples were heated at 680 K under UHV conditions. This was
attributed to the spillover of O species onto the Ni surface orig-
inating from the YSZ substrate. The evolution period of the
aforementioned oxidation phenomenon was 3—4 h at 680 K for
Ni thin (0.3-2 mm) films. The process became faster at higher
temperatures. It is already well established that YSZ evolves
oxygen and becomes a nonstoichiometric oxide at elevated tem-
peratures [26-28]. Similarly, in the present case depicted in
Fig. 4, the oxidation of Ni under UHV conditions at elevated
temperature (770 K) can be attributed to the same process de-
scribed earlier [25]. However, considering that the same proce-
dure was followed for both samples, the different Ni oxidation
states in the two catalysts can be attributed to the differences
in oxygen mobility and evolution from the YSZ component.
In this respect, it can be assumed that the higher Au content
in the Ni(Au 1 at%)/YSZ sample induces more rapid kinetics
for oxygen evolution from the YSZ particles. This strong in-
teraction can be due to the nanostructure of the catalysts (see
the particle sizes in Table 1), thus allowing for intimate contact
and interference between the physicochemical properties of the
NiAu and YSZ nanoparticles. As we discuss later, this prop-
erty is beneficial for improving the carbon deposition resistance

of the Ni(Au 1 at%)/YSZ. As shown in Fig. 4, on heating the
sample at higher temperature (970 K), the oxide and hydroxide
forms of Ni decompose into metallic Ni.

3.2. Egquilibrium-dissociative adsorption of CHy

The effect of Au content on the catalytic properties of Ni-
based cermets was studied for the dissociative adsorption of
CHy4. A typical equilibrium adsorption experiment is depicted
in Fig. 5, which plots the amounts of deposited C, H, in the gas
phase, and H species remaining on the surface, as well as the
ratio of surface H/C deposited against temperature. The surface
H/C ratio takes values between 3 and 0.5, depending on the
temperature and the sample. In general, the sample with high
Au content has a lower surface H/C ratio at elevated temper-
atures. As discussed later, the missing hydrogen is combined
with C to form CH, adsorbed species. Fig. 6 depicts the ef-
fect of Pcu,/PH, and Pch,/ Pﬁé 2 on the amount of deposited C
and the surface H/C ratios for Ni(Au 0.2 at%)/YSZ and Ni(Au
1 at%)/YSZ at various temperatures. The x-axis was chosen
based on the average measured surface H/C ratio for the two
samples. The lines passing through the experimental points de-
pict two sets of equilibrium experiments where (a) the amount
of CHy introduced into the reactor loop was varied isother-
mally and (b) a constant amount of CH4 was introduced at
various temperatures. It is clearly shown that the surface H/C
ratios are around 2 and 1, respectively, indicating that CHj
and CH species prevail on the Ni(Au 0.2 at%)/YSZ and Ni
(Au 1 at%)/YSZ surfaces, respectively.

3.3. TPSR and TPO experiments
The nature of the carbon species created during the equilib-

rium adsorption of CH4 was elucidated by carrying out TPSR
and TPO experiments under H, flow and oxygen pulse, re-
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spectively (Figs. 7-9). Figs. 7 and 8 depict TPSR experiments
under H, flow on Ni(Au 0.2 at%)/YSZ (Fig. 7) and Ni(Au
1.0 at%)/YSZ (Fig. 8). In both cases the carbon species formed
during the dissociative equilibrium adsorption of CHy reacts

with Hj to produce CH4 within broad temperature ranges, 300—
650 K (Fig. 7) and 450-850 K (Fig. 8a), respectively. The spec-
tra reveal the existence of four peaks (Fig. 7) and three peaks
(Fig. 8) for the two samples, respectively, which can be easily
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Fig. 7. TPSR spectra of surface carbon under 2.5% Hy/Ar flow, deposited dur-
ing equilibrium dissociative adsorption of CH, (a) at different temperatures
with initial amount of CHy4 17.7 umol, and (b) at 773 K with initial amount of
CHg4 59.6 umol. Total flow rate 167 cc STP/min, ramp rate: 20 K /min. Catalyst
Ni(Au 0.2 at%)/YSZ.

deconvoluted, corresponding to an equal number of adsorbed
carbon species on the surface, most likely in the form of CH,
species. The arguments of this ascertainment are presented in
Section 4. The main differences between the two samples are
the different temperature ranges and the higher temperatures of
CH4 formation in the case of Ni(Au 1.0 at%)/YSZ. In a previ-
ous study of CHy4 dissociation on Ni/YSZ [21], these C species,
the hydrogenation of which resulted in the formation of CHy
within the temperature range of 300-650 K, were assigned to
carbidic species on Ni surface, whereas the CO produced above
800 K was attributed to graphitic species oxidized by the ox-
idic species evolving from YSZ at high temperatures. CO has
been also detected in the high-Au content sample (Fig. 8b), but
as we discuss later, this should have originated from oxidation
and decomposition of the hydrogenated carbon species.

Another significant difference in the behavior of the two
samples is the appearance of the so-called “adsorbed carbon”
species, which have been detected and characterized as such on
Ni/YSZ [21] (Fig. 7b). These species appear when large amount
of CHy is introduced in the reactor loop and are accompanied
by the appearance of graphitic carbon at higher temperatures.
In contrast, under the same conditions no such species were
observed on the high-Au content sample, indicating the higher
tolerance of Ni(Au 1 at%)/YSZ toward graphitic carbon depo-
sition (ncy, = 59.6 umol; Fig. 8).

The corresponding TPO experiments of the two samples are
depicted in Fig. 9. The main products for both samples are
CO,, CO, and H,. CO;, desorbs above 500 K, with the peak
maximum at 600 K for Ni(Au 0.2 at%)/YSZ and 680 K for
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Fig. 8. TPSR spectra of surface carbon under 2.5% Hy/Ar flow, deposited dur-
ing equilibrium dissociative adsorption of CH4 at 823 K for different initial
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Fig. 9. Temperature-programmed oxidation (TPO) of surface carbon, deposited
during equilibrium dissociative adsorption of CH, (a) on Ni(Au 0.2 at%)/YSZ
at 773 K with initial amount of CH4 17.7 umol, and (b) on Ni(Au 1.0 at%)/YSZ
at 723 K with initial amount of CH4 24 pmol. Adsorbed O, quantity at
room temperature is twice the amount of deposited surface carbon. Ramp rate:
20 K/min. Ar molar flow rate = 26 umol/s.
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Ni(Au 1.0 at%)/YSZ. The most interesting feature of the TPO
experiments is the evolution of CO and H; within the same
temperature range and at essentially the same peak tempera-
ture maximum (around 700 K). The simultaneous production
of CO and H; shows that both gases originate from the dissoci-
ation of the same compound, such as oxyhydrogenated carbon
species. As has already been concluded in a previous study
on Ni/YSZ [21], CO; is formed via the oxidation of carbidic
species. However, as we discuss in the next section, CO and Hj
production occurs through the surface oxidation of CH, species
to form oxyhydrogenated species and its subsequent dissocia-
tion at higher temperatures.

4. Discussion

In accordance with the conclusions of a previous study on
the dissociative adsorption of CH4 on Ni/YSZ [21], three types
of carbon species have been detected that participate as either
active reaction intermediates or catalyst deactivation agents:

e The carbidic species, which are highly reactive toward their
hydrogenation to produce methane at 300-700 K.

e The adsorbed carbon species, which react with H, at tem-
peratures as high as 800 K and can be considered the inter-
mediate toward the formation of graphitic species.

e The graphitic species, which do not react with Hy and are
removed by oxygen at temperatures above 800 K. This
species is well known in the literature as the main catalyst’s
deactivating agents.

Our experimental results show that the carbon/carbonaceous
species on the NiAu/Y SZ samples have similar features to those
on Ni/YSZ. The main difference is localized on their reactivity
with CHy, CO, Hj, and O, which is attributed to the effect of
Au on both the catalytic properties of Ni particles and their in-
teraction with YSZ, the properties of which seem to be affected
by the presence of gold, as shown in Figs. 3 and 4. In what fol-
lows, we explore the kinetic mechanisms that govern the partial
and complete oxidation of CHy4 for synthesis gas and CO, pro-
duction, respectively.

4.1. CHy species

Based on the experimental evidence, we conclude that
during the equilibrium dissociative adsorption of CHy4, CH,
species are formed and exist on the Ni surface. These can be
considered in equilibrium with the formed carbidic species. The
first evidence of the existence of CH, species is the missing
Hy in the gas phase, which is not balanced to the equilibrium
conversion of CHy. As depicted in Fig. 5, especially at lower
temperatures, the amount of H, remaining on the surface during
the equilibrium adsorption of CH4 corresponds to an H/C ratio
starting at 3 and decreasing progressively with increasing ad-
sorption temperature. This indicates that at higher temperatures,
CH, species with less H are mostly stable and in equilibrium
with carbidic species. In addition, the TPSR experiments for
both samples showed at least three distinct peaks located within

Table 3

Peak maximum temperatures of the respective CHy species for the two cat-
alysts, determined by the deconvolution of the TPSR experiments of Figs. 7
and 8

Ni/Au-YSZ Peak maximum temperature (K)

CHy CH3 CH, CH
0.2 at% Au 345 (1)3 400 (2) 475 (3) 585 (4)
1.0 at% Au - 500 (1) 595 (2) 710 (3)

4 Numbers in parentheses correspond to the labeled peaks of Figs. 7 and 8.

a temperature window of 400 K (Figs. 7 and 8). The possibil-
ity that these peaks correspond to different carbidic species on
the Ni surface is not in accordance with the TPO experiments
(Fig. 9), which show only one CO, peak corresponding to its
oxidation [21]. Thus it is plausible that during the exposure of
the sample to H; flow at the beginning of the TPSR spectra, the
various CH, species are distributed on the Ni surface according
to the established equilibrium between successive species. The
position of the peak temperature is related to the chemical equi-
librium between the CH, species and their reactivity toward
hydrogenation. In this respect, the deconvoluted peak areas can
provide quantitative information on the distribution and quali-
tative information on the reactivity of the various CH, species
with Hj. Thus it is rational to assume that the low-temperature
peak in Fig. 7 (peak 1) corresponds to adsorbed CHy, whereas
CH corresponds to the CH4 peak evolving at 585 K. However,
in Ni(Au 1 at%)/YSZ, adsorbed CH4 species are not likely to
survive and desorb at higher temperatures, and thus the three
deconvoluted peaks may correspond to CH3, CH,, and CH
species. Table 3 gives the correspondence of the various peak
maximum temperatures to the respective CH, species for the
two samples under study.

The fact that in all cases the corresponding CHy desorb-
ing temperatures of the Ni(Au 1 at%)/YSZ are at least 100 K
above those of Ni(Au 0.2 at%)/YSZ indicates that a higher
Au quantity lowers the reactivity of the Ni surface to hydro-
genate carbidic and CH; species toward CH4 formation. Lower
reactivity of the surface denotes higher stability of the react-
ing adsorbed species. The stability of the reacting species on
the surface can be realized due to a higher activation barrier
(kinetic considerations) or stronger bonding/interaction of the
species with catalytic surface (thermodynamic considerations).
To clarify the contribution of these two factors on the C-tolerant
properties of the Ni(Au 1 at%)/YSZ, the isosteres for the two
catalysts are plotted for various coverages of the adsorbed car-
bonaceous species (Fig. 10). The isosteres were derived on the
basis of the equilibrium experiments depicted in Fig. 6 and on
the assumption that during the equilibrium dissociative adsorp-
tion of CHy4, CH, species is adsorbed mainly on the catalytic
surface, whereas x is generally determined by estimating the
ratio of surface H to surface C as is experimentally derived
from the mass balances during the equilibrium experiments
(Figs. 5 and 6). Thus, the following overall reactions on the
Ni(Au 0.2 at%)/YSZ and Ni(Au 1 at%)/YSZ catalysts can be
considered:

CH4 < (CHp)aq + Hp 3)
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Fig. 10. Isosteres for CHy equilibrium dissociative adsorption corresponding to
5 (M), 6.8 (@) and 10 (A) umol of surface carbon on (a) Ni(Au 0.2 at%)/YSZ
and (b) Ni(Au 1.0 at%)/YSZ, based on the experimental data of Fig. 5.

and

3
CHy < (CH)aq + EHz. 4)

The slopes of the isosteres in Fig. 10 correspond to the enthalpy
change of reactions (3) (95.6 kJ/mol) and (4) (122.5 kJ/mol)
and qualitatively express the binding strength of the adsorbed
CH,: species on the catalytic surface. In this respect, the ad-
sorbed CH species on Ni(Au 1 at%)/YSZ resulting from reac-
tion (4) are less strongly bonded onto the catalytic surface than
the corresponding CH; species on Ni(Au 0.2 at%)/YSZ. Taking
into account these considerations, we come to the conclusion
that the higher hydrogenation temperature of CH, species on
the Ni(Au 1 at%)/YSZ surface, as shown in the TPSR exper-
iments of Fig. 8, can be attributed to the increased activation
barriers of the hydrogenation reactions. This also implies lower
binding energy of the intermediate activated complexes. CHy
dissociation accompanied by the successive dehydrogenation
steps in the formation of CH, species on the surface should
experience similar increases in activation barriers, resulting

in a decreased rate of CHs dehydrogenation on the Ni(Au
1 at%)/YSZ surface and subsequently a lifetime elongation of
the CH, species on the catalytic surface.

In accordance with the present observations, Besenbacher et
al. [22] were the first to show by theoretical DFT calculations
and experimental measurements that small amounts of Au on
the Ni surface increase the resistance toward graphite forma-
tion either by increasing the activation barrier of CH4 dehydro-
genation reaction or by decreasing the binding energy of the
resulting CH,, and C species on the Ni surface. The foregoing
considerations are also corroborated by both the temperature-
programmed reduction experiments (Fig. 3) and the surface
titration experiments (Fig. 2). In the first case, it was shown that
NiO was reduced at lower temperature on Ni(Au 1 at%)/YSZ
than on Ni(Au 0.2 at%)/YSZ, indicating weaker bonding of Ni
with O. In addition, the chemisorption of CO on the high-Au
content sample did not result in its dissociative adsorption to-
ward the formation of carbidic carbon and adsorbed O,q. This
is demonstrated by the fact that little CH4 was produced during
the TPSR experiment depicted in Fig. 2 in the case of Ni(Au
1 at%)/YSZ. This can be attributed to the weaker bonding of CO
with the Ni surface and, consequently, the lower degree of elec-
tron back-donation at the C=0 27* antibonding orbital. The
strong interaction of 27* antibonding orbital with the surface
metallic d-band may cause destabilization of the C=0 bond,
possibly resulting in disruption of the bond and formation of
carbidic and oxidic species on the Ni surface [29].

Fig. 11 depicts the distribution of the CH, species on the
surface of the two samples as derived by deconvolution of the
TPSR experiments depicted in Figs. 7 and 8. On both sam-
ples, the most abundant species is CHj; on Ni(Au 1 at%)/YSZ,
CH species is almost as abundant as CHj. The distribution of
the various CH, species depends only on the amount/coverage
of the carbidic species formed on the surface regardless of the
temperature at which the dissociative equilibrium adsorption of
methane occurred. In this respect, the distribution of the var-
ious CH, species does not necessarily reflect the distribution
of the species during the equilibrium adsorption of CHz; how-
ever, their distribution does indicate qualitatively the prevailing
species on the surface of the two samples.

The sequential dehydrogenation of CH4 has been studied
extensively both theoretically [30-36] and experimentally [37-
41]. In general, it is well established that the dissociative ad-
sorption of CHy is an activated process whereby Hj is pro-
gressively abstracted with varying activation energy at each
H removal. The calculated [30-32,34,36] and experimentally
measured [37,40,41] activation energy for CH3 formation lies
between 70 and 100 kJ/mol, whereas activation energies for
the formation of the rest of CH, species vary between 30 and
100 kJ/mol [34,36]. Bengaard et al. [42] reported that CHy
activation occurs on stepped surfaces and that the most stable
species was calculated to be (CH* 4+ 3H*), which exhibits the
lowest energy of all CH,, species, as well as the highest activa-
tion barrier toward the formation of adsorbed (C* + 4H*).
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Fig. 11. Distribution of CHy species on the surface of (a) Ni(Au 0.2 at%)/YSZ
with increasing temperature and (b) Ni(Au 1.0 at%)/YSZ with increasing
methane dose in the reactor loop, based on the deconvolution of the TPSR ex-
periments depicted in Figs. 7 and 8, respectively. The correspondence of the
peak maxima of the deconvoluted peaks to the adsorbed CH,; species is shown
in Table 3.

4.2. Oxidation of the CH, species

In contrast to the multiple CH4 TPSR peaks, the TPO ex-
periments (Fig. 9) detected one CO» peak. The most interesting
feature is the simultaneous production of CO and H,, demon-
strating that both gases originate from the dissociation of one
species adsorbed on the Ni surface. This observation can be in-
terpreted by considering that the species left on the surface after
purging the catalytic bed with Ar flow are carbidic species in
equilibrium with the most stable CH,; species. Their interaction
with adsorbed O,q species results in the preferential produc-
tion of CO, and the formation of adsorbed oxyhydrogenated
species, the latter of which are decomposed at higher tempera-
tures into CO and Hj. It is noteworthy that no water production
occurs, demonstrating the lack of adsorbed Hyq, which would
react with O,g toward HyO formation. Thus, according to the
above considerations, the following reactions occur:

Ce + 2044 — COs, (Sa)
CH, + Oag — CH,Ou, (5b)
and

CH, Oy — CO + %Hz. (5¢)

The calculated H>/CO ratio corresponding to the amounts of Hy
and CO evolved during the TPO experiments can be considered

a stability indicator of the CH, species on the surface. Thus, the
Ni(Au 0.2 at%)/YSZ and Ni(Au 1 at%)/YSZ H,/CO ratios have
average values of 0.58 and 1.25, respectively. This strongly in-
dicates that the stable CH, species contain larger numbers of
H atoms on Ni(Au 1 at%)/YSZ than on Ni(Au 0.2 at%)/YSZ,
implying that the former sample is less reactive toward the de-
hydrogenation of CH4 and CH, species, in accordance to the
same conclusion reached earlier based on the TPSR experi-
ments (Figs. 7 and 8).

Based on the foregoing discussion and on the fact that YSZ
evolves oxygen at temperatures over 600 K, which can ox-
idize adsorbed carbonaceous species, the CO evolved during
the TPSR experiments of Fig. 8 on Ni(Au 1 at%)/YSZ at tem-
peratures of 600—1000 K with a peak maximum at 900 K can
be attributed to the thermal decomposition of CH,O,q. These
species can be formed on the Ni(Au 1 at%)/YSZ due to the
higher stability of CH,, species at higher temperatures and their
oxidation by the evolved O; from YSZ. It is noteworthy that CO
production is detected at temperatures as low as 600 K only on
the high-Au content catalyst, whereas on Ni(Au 0.2 at%)/YSZ,
CO is detected at temperatures above 800 K and is related to ox-
idation of the graphitic species formed on the catalysts when a
large amount of CHy is introduced in the reactor loop (Fig. 7b).
Beyond the fact that CH,, species can survive at higher tem-
peratures on Ni(Au 1 at%)/YSZ, their oxidation into CH,O,q
species at lower temperatures and subsequent decomposition
accompanied by CO evolution must be related to the effect of
Au addition on enhancing oxygen evolution from the YSZ par-
ticles at lower temperatures. In this respect, it can be concluded
that the addition of Au promotes the role of YSZ as an oxidiz-
ing supporting material even at temperatures as low as 600 K,
in accordance with earlier conclusions based on the XPS mea-
surements of Fig. 4.

4.3. Kinetics of CHy partial oxidation and steam-reforming
reactions

The kinetics of the partial oxidation of methane toward the
production of synthesis gas on Ni and several other metal-
supported catalysts has been the subject of numerous stud-
ies [43-51]. The main kinetic characteristic of the process
is the low selectivity toward CO and H, at low temper-
atures (<873 K), where the process selectively produces
CO, and H,O [51]. It is well established that CH4 activa-
tion/dehydrogenation is the rate-determining step for the reac-
tion of CH4 consumption in partial oxidation and reforming
reactions of CHy [52]; however, the selectivity toward CO,
CO», Hy, and H,O formation must depend on the relative reac-
tivity of intermediate steps at the various temperatures, which
may result in either complete or partial oxidation products. Ac-
cording to the preceding discussion, we reach the conclusion
that the selectivity toward CO oxidation depends on two fac-
tors: (1) the lifetime and surface concentration of CH, species
and (2) the decomposition temperature of the CH, O species.

Although the surface concentration of CH, species is higher
at low temperatures, the low decomposition rate of the CH, O
species formed at these low temperatures can be considered the
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main reason (i.e., limiting step) for the low CO selectivity at low
temperatures. Thus the complete oxidation of carbidic species,
which is very reactive at low temperatures, leads to the forma-
tion of CO, rather than CO. With increasing temperature and
especially at temperatures as high as 973 K, the decomposition
rate of CH, O species is sufficiently high, and the selectivity
now depends on the stability of the CH, species; thus, their
high surface concentration will result in the formation of CH,, O
species with higher reaction rate than the formation of carbidic
and sequentially adsorbed C, which will lead to either CO;
production or graphite deposition on the catalyst. Similar ki-
netic considerations can be proposed for the steam-reforming
reaction of CHy. In a kinetic investigation of the CHy steam-
reforming reaction, Xu and Froment [53] proposed that the oxi-
dation of CH> species to form adsorbed CH2O,gq is the limiting
step of the reaction.

Several researchers have proposed the oxidation of CH,, to-
ward the production of CO and H» as a possible pathway for
synthesis gas production [47-49,54-56]. Osaki et al. [54] and,
more recently, Wu et al. [56] used pulse surface reaction rate
analysis in studies of CH4—CO> reforming and CHy partial oxi-
dation and concluded that various CH, intermediates present on
Ni-supported catalysts react with adsorbed O,q species in the
production of CO. During pulsing of CH4/Ar over the catalyst,
CO and H; exhibit longer tailing responses, indicating that CH,,
species are present on the catalytic surface. These authors con-
cluded that the reaction over the reduced catalyst occurs via the
direct surface oxidation mechanism, which involves adsorbed
CH,: and oxygen species.

In accordance with the foregoing discussion, we propose
the following kinetic model to describe the partial oxidation of
methane toward the production of synthesis gas:

4-x

2 H, (6a)

‘ CH, >C, (60) }—»

CH, »>CH, +

a

CH,+0,y > CH,O, (6b)

(6)

Y

X
CH,0,4 — CO+— 1, (6d) ‘ C, +20,, - CO, (6¢)

This model can also be valid for the steam-reforming reac-
tion. In this mechanism, Oyq can be supplied by O, adsorption
(partial oxidation), H>O dissociative adsorption (steam reform-
ing), or electrochemically through an O?~ conductor like YSZ
(electrochemical oxidation in SOFC).

Reaction steps (6f) and (6g) show the sequences toward
the formation of adsorbed carbon species (C,) and graphite
(Cy) [21]. C, is areactive C species with both Hy and O but at
higher temperatures (>800 K) than carbidic C. [21]. The for-
mation of C, gives rise to the formation of the graphitic layer
as well. The rates of C, and C, formation depend on the disso-
ciation rate of the CH, species and the nucleation rate of the C,
species, respectively.
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Fig. 12. Products distribution during a pulse of 2.2 umol CHy at 973 K over
preoxidised Ni-YSZ with (a) 2.1 and (b) 4.4 umol O5.

The foregoing kinetic considerations are corroborated by the
pulse experiment depicted in Fig. 12. A 2.2-ymol CHy4 pulse
was introduced into a catalytic bed of 50 mg Ni/YSZ onto
which O, was preadsorbed by pulsing 2.1 pumol O, (Fig. 12a).
As shown, first CO, is produced, followed by H>O formation.
The peaks of CO and H; appear to be wider and to have longer
tails just after the water peak, whereas the fact that they ap-
pear simultaneously indicates (as concluded above) that they
originate from the decomposition of the same surface species
(CH,O4q). The delayed appearance compared with the earlier
appearance of CO, demonstrates that the decomposition of the
CH,. O species into CO and Hj proceeds with lower reaction
rates compared with the faster oxidation of the carbidic Cc
species into CO, [21]. It is noteworthy that the evolution of
water is not related to the evolution of the CO, peak, demon-
strating that water is formed independently by the oxidation of
H species originating from the dehydrogenation of CHy. It is
also interesting that the pulse of the same quantity of CHy over
Ni/YSZ, on which a larger amount of O (4.4 umol) was pread-
sorbed, shows the formation of broadened CO, and H,O peaks
(Fig. 12b). The broadening of the peaks in contrast to CO, and
H,O peaks in Fig. 12a can be attributed to the oxidation by the
excess Oyq of the CO and H; produced by the delayed decom-
position of CH, O species. Thus in the case of excess O, the
complete oxidation of CH, O species into CO, and H,O pro-
ceeds through the decomposition/oxidation processes accord-
ing to the following reaction scheme:
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CH,0— c0+§ H, (7a)

- — )

H,+ 0, — H,0 (7c) CO+0,,— CO, (7b)

4.4. The effect of Au

Based on our experimental results and their interpretation,
we conclude that adding a critical amount of Au onto the Ni
catalyst affects the reactivity of the Ni surface toward CHy ac-
tivation by impeding the dehydrogenation and hydrogenation
reactions, as well as the oxidation of the carbonaceous species
formed on the catalytic surface. Using DFT calculations, Be-
senbacher et al. [22] showed that adding a small amount of Au
increases the resistance toward graphite formation. Based on
their calculations, they concluded that Au induces such changes
on the catalytic/electronic properties of the Ni surface so that
both the activation barrier of CH4 dehydrogenation and the en-
ergy of the resulting carbon/carbonaceous species increase, thus
inhibiting graphite formation. More recently, Bengaard et al.
[42] carried out more detailed DFT calculations in combina-
tion with kinetic measurements and microkinetic simulations
on the activation of CHy and the effect of catalysts promoters
of the Ni surface (e.g., S, K, and Au) on the catalytic rate. They
concluded that the highly reactive sites for both CHy activation
and graphite nucleation are located on the step edges of Ni on
which the aforementioned promoters preferentially bind. Thus
the optimized catalyst should accommodate just enough pro-
moter so that graphite formation is effectively blocked while
methane activation and its reforming by steam occurs at an ap-
preciable rate.

5. Conclusions

The main conclusions derived from the present study can be
summarized as follows:

e The addition/decoration of the Ni surface with a very small
quantity of Au (<1 at% with respect to Ni) inhibits the for-
mation of graphitic carbon.

e The presence of Au results in a decreased rate of CHy de-
hydrogenation and an increase in the lifetime, stability, and
surface concentration of CH, species.

e The partial oxidation of CH4 into synthesis gas can be
attributed to the oxidation of adsorbed CH, species into
CH,.O,q and its subsequent dissociation into Hy and CO at
higher temperatures (700 K).

e The complete oxidation toward CO, formation proceeds
selectively through the reaction of carbidic carbon, which is
a rather fast process even at temperatures as low as 500 K.

Based on the foregoing considerations, the NiAu/YSZ cat-
alyst is expected to be a highly carbon tolerant and selective
catalyst/electrode in the CH4 partial oxidation reaction for the
production of synthesis gas. In addition, its carbon tolerant

properties can be beneficial for water lean steam-reforming
conditions, a particularly desirable property for the internal
steam reforming of CHy in solid oxide fuel cells.
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