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Carbon tolerant Ni/YSZ anode modified with 1% (atomic ratio) Au with respect to Ni was tested under
methane rich steam reforming conditions. The electrode was proved to be highly tolerant to C deposits,
even at methane to water ratios as high as 3, at temperatures ranging between 973-1173 K. The NiAu
anode was prepared by in situ combustion synthesis at 873 K and sintered in air at 1123 K. The SEM
images have shown that the Au modified Ni/YSZ electrode was nanostructured with particle size ranging
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1. Introduction

Fuel cells can be potentially one of the most important energy
conversion tools of the 21st century. Fuel cell technology shows
advantages concerning fuel efficiency, emissions, maintenance and
noise pollution. For stationary applications, i.e. power plants or
combined heat and power generation [1,2] the solid oxide fuel cell
(SOFC) is generally one of the most promising technologies. One of
the key aspects for the efficient operation of solid oxide fuel cells
is the suitable choice of fuel. The most frequently used fuel is hy-
drogen, which is mainly produced by steam reforming of methane
on Ni-based catalysts at temperatures ranging from 973-1173 K.
However, solid oxide fuel cells can run directly on natural gas or
other hydrocarbon fuels [3-13] without the need of an external re-
former, thus improving and simplifying system integration. This is
due to the catalytic action of the fuel exposed state of the art Ni-
YSZ cermet anode surface for steam reforming of methane in the
temperature range of SOFC operation.

According to this process, which is known in the literature as
internal steam reforming of methane (ISRM), the Ni surface of the
Ni-YSZ cermet anode catalyzes the steam reforming reaction of
methane (reaction (1)) as well as the water-gas shift reaction (re-
action (2)):
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CH4 + H0 — CO + 3H,, (1)
CO + H,0 — CO5 + Hy, 2)

thus producing Hy, CO, and CO,. The produced hydrogen and car-
bon monoxide can be readily oxidized electrochemically at the
three phase boundaries (Ni/YSZ/gas), generating electricity:

Hy + 0%~ — Hy0 + 2e™, (3)
CO + 0%~ — CO, + 2e™. (4)

Although the presence of water at high H;0/CH4 ratio can inhibit
or at least minimize the problem of carbon formation, however
the Nernst potential decreases significantly thus resulting in lower
cell efficiency. As it is also shown in this study experimentally, by
feeding the anode with varying H,O/CH,4 ratios the open circuit
potential can decrease even up to 300 mV as compared to its value
without the presence of steam. This can be understood according
to the Nernst equation (5)

RT P
Eocp=E° — —— l“( HZ?/2>’ (5)
2F PHZ POz

where E and E° are the open circuit cell potential and standard
potential respectively at a given temperature T. As it is shown E
depends on the partial pressures (Pn,0, PH,, Po,) of the reactants
and products according to reaction (6):

1
Hy + 502 — H;O0. (6)
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It is considered that CH4 molecule does not participate in the elec-
trochemical process. For example by assuming a typical CH4/H,0
mixture 30 kPa/60 kPa at the inlet of the SOFC the open circuit
potential can vary significantly along the reactor depending on the
partial pressure of the produced H, along the reactor. The open
circuit potential (OCP) at 1100 K at the reactor’s outlet consid-
ering total conversion of CHy, in the case of the aforementioned
CHy4/H;O0 reacting mixture (H, and H,O partial pressures being 75
and 25 kPa respectively), is 983 mV, while for a non-humidified H;
feed (Puy,0 <1 x 1073 kPa) the OCP can be as high as 1268 mV.
The standard OCP at 1100 K is 969 mV. In addition high water
content can cause the oxidation of Ni either affecting its electronic
conductivity or inducing the delamination of the Ni/YSZ anode.
Many studies in the literature have been devoted on carbon for-
mation and deactivation of supported Ni steam reforming catalysts
[7,13-26]. Carbon can be formed through the thermal cracking of
CHg4/hydrocarbons (reaction (5)) or by the decomposition of CO (re-
action (6)):

CHgq — Cgr + 2Ha, (6)
2C0 — Cgr + CO,. (7)

There are many factors that influence the likelihood of carbon
formation. The nature of the catalyst is very important as well, for
example carbon deposition is more likely over nickel than ruthe-
nium [27-29], or copper [30,31], or LSCM (and other complex per-
ovskites) [32-35] catalysts. It has been suggested that Ru and Rh
do not facilitate the formation of carbon deposits due to poor car-
bon solubility in these metals [36,37]. On the downside, Ru and
Rh are prohibitively expensive. It has also been shown that small
amounts of sulfur can suppress carbon poisoning by blocking car-
bon nucleation sites [38,39]. Gorte et al. [31] studied a Cu-YSZ
anode, which proved quite stable for the oxidation of hydrocar-
bons. In addition, it has also been shown that Cu supported on
ceria is a stable electrooxidation catalyst for the internal reforming
of hydrocarbons [40-42]. Park et al. [30] obtained similar results
while feeding n-butane and methane to YSZ/CeO,/Cu anode for
direct oxidation. In a more recent study, Sn/Ni surface alloy has
been identified as much more carbon tolerant than monometal-
lic Ni in the steam reforming of methane, propane and isooctane
at moderate steam to carbon ratios [43]. Among the materials
with perovskite structure, chromites and titanates are promising
SOFC anodes [44-46]. Interesting results have been obtained with
lanthanum strontium titanates [47] and especially cerium doped
lanthanum strontium titanate [48]. LSCM also shows a stable elec-
trode performance in methane [32].

The modification of catalytic activity against the formation of
carbon deposits can be achieved by the addition/doping of small
quantities of another metal on the surface of Ni particles of the
Ni/YSZ anode. In a theoretical study, Besenbacher et al. [18] con-
cluded that the presence of small amount of gold in a supported
nickel catalyst can induce a significant effect on the carbon forma-
tion process during the steam reforming of methane. Very small
amount of gold present in the nickel catalyst may decrease sig-
nificantly the amount of carbon deposits on the electrocatalyst.
Rostrup-Nielsen et al. [19], using density functional theory (DFT)
calculations, have also predicted that Au inhibits methane dissoci-
ation. Triantafyllopoulos and Neophytides [49] studied the nature
of carbon species that are formed on the Ni( 1 at% Au)/YSZ cat-
alyst during the dissociative adsorption of methane and obtained
very interesting results that confirm the previous statement.

In the present work, the electrocatalytic activity and carbon tol-
erance of the Ni(Au 1 at%)/YSZ electrocatalyst is examined, under
CH4 rich steam reforming conditions. The electrocatalyst was pre-
pared by in situ combustion synthesis, which was proved to be
a very powerful technique for the preparation of nanostructured
electrodes.

2. Experimental

The Ni(Au 1 at%)/YSZ electrocatalyst was prepared by the “in
situ combustion synthesis” method. The process of “in situ com-
bustion synthesis” makes use of the highly exothermic redox
chemical reactions between metals and non-metals, while the
metathetical (exchange) reaction between reactive compounds or
reactions involves redox compounds/mixtures. The starting materi-
als were ZI‘O(NO3 )2~6H20, Y(NO3 )3~6H20, Ni(NO3 )2-6H20 and urea
(CO(NH2)2) as the fuel (F). HAuCl4 was added as the precursor in
the combustion mixture for the preparation of the NiAu compos-
ites. Nitrates in the required stoichiometric proportions and urea
(O/F =1) were mixed (together) in an alumina crucible together
with the appropriate amount of HAuCls. The mixture was heated
up to 363 K on a hot plate to remove water. Then it was cooled
down at room temperature and its viscosity was controlled by the
addition of ethanol absolute. A small amount of the mixture was
applied on a YSZ pellet surface with a brush and then heated in a
furnace at 873 K. At this temperature the combustion takes place
in less than a minute and a layer NiAu/YSZ is formed. This pro-
cedure was repeated several times until a homogeneous film with
thickness around 30 pm was formed on the pellet. Finally, the pel-
let was calcined at 1123 K to consolidate the film.

The catalysts prepared by the combustion synthesis were
NiAu/YSZ containing 1, 2 and 5% Au atomic ratio (at%) with re-
spect to Ni atoms. The Ni loading with respect to the whole sample
was in all cases 50 wt% Ni. The BET surface area of the samples
was measured by QuantaChromeAutosorb-1 BET and chemisorp-
tion system and was found 3 m?/g. XRD measurements were car-
ried out by the use of Philips PW18 XRD instrument. The particle
size calculation was based on X-ray line broadening of the diffrac-
tion peak according to Scherrer’s equation and the microstructure
and bulk composition of the sample was studied by the use of
SEM-EDX imaging (LEO SUPRA 35VP). The surface composition was
determined by XPS measurements, which were carried out in a
UHV equipped with a hemispherical analyzer (SPECS LH-10) and a
twin-anode X-ray gun.

The catalytic and electrocatalytic experiments of Figs. 3, 5 and 7
were carried out on a NiAu(1 at%)/YSZ electrode with a geo-
metric surface area of ~1 cm? and the deposited amount of
NiAu(1 at%)/YSZ was ~18.8 mg. The transient and electrokinetic
experiments depicted in Figs. 6 and 8 were carried out on 11.5 mg
NiAu(5 at%)/YSZ of surface area ~1 cm?. The cathode side of the
tested fuel cell system consisted of a porous LSM/YSZ electrode
prepared by the screen-printing method. The flat YSZ electrolyte
(130 pm thick), that was sandwiched in between the anodic and
cathodic electrodes served also as the support for the single fuel
cell system. Current collection was achieved through the use of
platinum mesh for both the anode and cathode compartments.
Both Pt meshes were well pressed on the electrodes, using springs,
to achieve the best current collection possible. The planar fuel cell
system was attached on a YSZ tube and sealed airtight by using a
glass sealing. The anodic electrode was exposed to hydrogen/water
or methane/water mixtures while the cathodic electrode was fed
with air. Kinetic experiments and electrochemical measurements
were performed at different temperatures and different methane
and hydrogen partial pressures. The inlet and outlet of the reactor
is monitored by a quadrupole mass spectrometer (BALZERS OM-
NISTAR). In this way the kinetics of the steam reforming reaction
were studied and the carbon deposition rate was determined by
checking the carbon and H, mass balances according to Eq. (7)

H, = 3rco + 41'(02 . (7)

The electrochemical measurements were carried out by an AMEL
potentiostat/galvanostat model 7060.
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Fig. 1. Scanning electron micrographs of NiAu(1 at%)/YSZ electrode. (a) Top side before its reduction with Hj. (b) Top side after its reduction with Hy for 2 h. (c¢) Cross
section and surface/gas interface, (d) cross section and NiAuYSZ/YSZ interface, (e) SEM-EDX measurement of reduced NiAu(5 at%)/YSZ electrode scanning a cross surface area

extending from the YSZ electrolyte into the bulk of the electrode.

3. Results
3.1. Physical characterization

The Ni(Au 1 at%)/YSZ electrocatalyst, prepared by the in situ
combustion synthesis (described above), was characterized by
scanning electron microscopy (SEM) and X-ray diffraction (XRD).
Measurements were carried out before and after H, reduction.

The SEM micrograph in Fig. 1a displays the surface of the Ni(Au
1 at%)/YSZ electrocatalyst in its oxidized state before the reduc-
tion process. The nanosize structure of the deposited film is due
to the low temperature of the preparation method. The electrode
is porous and consists of nanoparticles of the order of 30-40 nm.
According to the XRD spectra depicted in Fig. 2 the film com-
prises discrete NiO or Ni and YSZ particles. This positive feature is
expected to result in the increase of the active three phase bound-
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Fig. 2. X-ray diffraction spectrum of Ni(Au 5 at%)YSZ electrocatalyst before and after
its reduction.

aries (t.p.b.) upon reduction between the gas phase, the catalytic
particles and the YSZ solid electrolyte and consequently in the in-
crease of electrocatalytic activity in total.

Before reduction the electrode is preheated at 1073 K under
Air. Thereafter diluted hydrogen in argon (~5% Hy/Ar) was fed at
1073 K for 2 h. The SEM image in Fig. 1b displays the surface of the
electrode in its reduced state. In comparison to the previous SEM
image (Fig. 1a), it is obvious that the reduction process has caused
the formation of larger particles on the surface of the sample. The
size of these larger particles is on the order of 100-200 nm and
they only exist on the surface of the electrocatalyst. Further reduc-
tion did not result in the formation of larger particles. These larger
particles were analyzed by the use of SEM-EDX and it has been
found that they consist only of Ni. The space in between the large
Ni particles is also composed of Ni and YSZ which certainly shows
that Ni is not massively agglomerated in the larger Ni particles.
Most probably due to its low content Au(1 at%) was not debatable
by EDX analysis. It is worth noticing that the bulk of the elec-
trocatalyst, which lies beneath these larger particles, seems to be
unaffected by the reduction process. This is clearly shown in the
SEM image of Fig. 1c, which displays a cross section area of the
reduced Ni(Au 1 at%)/YSZ electrocatalyst. The image clearly shows
that the large particles are observed only on the surface of the
sample, while its bulk preserves its nanostructure. The agglomer-
ation of Ni on the electrode’s surface can be plausibly attributed
to the lack of the YSZ nanoparticles, which in the bulk they most
probably inhibit Ni sintering. The uniform distribution of Ni and
Au throughout the bulk of the electrode is shown in Fig. 1e, which
displays a SEM-EDX scan of the interface between the reduced
NiAu(5 at%)/YSZ electrode and the compact solid YSZ electrolyte
(presented in detail in Fig. 1d). As expected, the metallic Ni and
Au concentrations rise from zero (inside the electrolyte) to a steady
concentration level at the interface and inside the bulk of the elec-
trode.

The XRD spectra of the NiAu(5 at%)/YSZ sample before and af-
ter reduction are depicted in Fig. 2. In the oxidized state (black
line) the peaks that represent NiO and Au particles can be clearly
seen. After reduction, very interestingly only Ni peaks are clearly
detectable, while Au peaks have disappeared. Further investigation
by means of XPS measurements proves the existence of gold on
electrode’s surface, thus suggesting that Au has been inserted into
the lattice of Ni particles most probably at the surface. The Ni and
YSZ particles’ size based on Scherrer’s equation is 28 and 16 nm
respectively. This is in agreement with the particle size measured

by the SEM images of Fig. 1. It is well known from literature that
the incorporation of Au in Ni results in the formation of surface
alloy [50,51]. In this respect, as it will be explicitly shown below,
this affects the electrocatalytic and catalytic activity of electrode’s
surface operating under CH4 steam reforming conditions.

3.2. Catalytic kinetic measurements

Kinetic experiments under internal steam reforming condi-
tions were performed on the nanostructured NiAu(1 at%)-YSZ. The
electrocatalyst was exposed to varying methane partial pressures
(Pch,) up to 60 kPa at constant water partial pressure Py,o0 =
5 kPa. The experiments were carried out within the temperature
range of 973 to 1173 K. Fig. 3 clearly demonstrates the effect of
Pch, on Hy and CO formation rates at various temperatures and
constant Py,0 = 5 kPa. Reaction rates are positive order with re-
spect to Pcy, within the whole range of Pcy, values. At higher
temperatures reaction rate approaches maximum at Pcy, values
around 40 kPa. The positive reaction order and the appearance of
a maximum at higher temperatures indicate that most probably
the dissociative adsorption of methane can be the limiting step
of the catalytic process in accordance to previous studies of CHy
steam reforming reaction [20,49,52]. Nevertheless this is an argu-
ment that will be discussed further on. It is worth noticing that
CO, formation rate was negligible. This shows that the presence
of Au inhibits the catalytic rate of either water gas shift reac-
tion (5) or CO disproportionation reaction (6). Though the experi-
ments were carried out at CH4/H,O ratios exceeding by far unity,
Ni(Au 1 at%)/YSZ electrocatalyst was shown to be very stable even
at the elevated temperature of 1173 K and methane partial pres-
sure as high as 50 kPa.

The mass balances of the system within the whole tempera-
ture range are presented in Fig. 3c. The theoretical mass balance
equation based on the stoichiometry of reactions (1) and (2) is rep-
resented by Eq. (7). Fig. 3¢ shows that the experimental mass bal-
ances appear to be in good agreement with the theoretical equa-
tion (7) (straight solid line without symbols in Fig. 3c). Therefore,
since the straight lines for all temperatures coincide it is rational
to consider that no carbon deposition takes place on the NiAu/YSZ
electrocatalyst. The slight deviation that appears in all four tem-
peratures, can be attributed to error in the calibration of the mass
spectrometer. Even when operating the reactor at higher tempera-
tures, still no degradation of the catalyst was observed within the
time scale of the kinetic experiments. The reproducibility of the
catalytic performance was successfully verified (not shown here for
brevity) on another sample under similar conditions and CHy4 par-
tial pressures up to 20 kPa at constant Pp,o =5 kPa.

This very impressive performance for the Ni(Au 1 at%)/YSZ elec-
trocatalyst is further supported by TGA experiments, performed
on NiAu samples under dry CHy4 flow. Fig. 4a depicts isothermal
thermo gravimetric experiments of NiAu(2%)/YSZ, NiAu(5%)/YSZ
and the ‘conventional’ Ni/YSZ catalyst under dry 10% CHg/Ar flow
at T =923 K. It is obvious that Ni/YSZ electrode shows immediate
and rapid weight increase, due to carbon deposition on the Ni sur-
face, whereas in the case of NiAu samples no weight increase was
observed. This shows that Au modifies the catalytic activity, thus
inhibiting methane’s dissociative adsorption or at least the dehy-
drogenation reaction steps that lead to carbon formation. However
carbon deposition on the NiAu sample is observed at higher tem-
peratures as depicted by the temperature programmed gravimetric
experiment of Fig. 4b. The turn over rate of the deposited carbon
species is calculated by differentiating the plots in Fig. 4b with re-
spect to time and is plotted against 1/T in Fig. 4c. As it is evident
carbon deposition takes place on NiAu/YSZ sample at temperatures
above 923 K. By comparing the slopes of the two samples in Fig. 4c
it is easily concluded that the reaction on NiAu/YSZ is a highly ac-
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Fig. 3. Catalytic kinetic effect of Pcy, on Hy (a) and CO (b) formation rates. (c) Sto-
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atures and constant Py,o =5 KPa (see Eq. (7)).
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ture variation 20 K/min, (c) Arrhenius plots of the data depicted in Fig. 4b.

Fig. 4. Thermogravimetric experiment (TGA) of NiAu(1 at%)/YSZ and Ni/YSZ samples
under 10% CH4/Ar dry methane flow. (a) Isothermal T =923 K, (b) linear tempera-
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tivated process (520-134 kJ/mol), as compared to that on Ni/YSZ
(44 kJ/mol), especially at the initial stages of carbon deposition.

3.3. Electrocatalytic behavior

The electrochemical behavior of the Ni(Au 1 at%)/YSZ an-
ode was investigated by performing several electrochemical mea-
surements under internal steam reforming conditions at differ-
ent temperatures, ranging from 1023 to 1123 K and different
methane/water ratios, ranging from 1 to 3. The total flow rate was
83-107 cc/min, while the methane flow was adjusted between
5-20 cc/min, depending on the methane partial pressure that was
fed to the anode. Figs. 5a-5c depict the results with respect to 0%~
electrochemical flux obtained at 1123 K and at methane to water
ratios 1.01, 2.1 and 3.22 respectively. The steam reforming reaction
produces Hy, CO and very small amount of CO, at open circuit con-
ditions. Under fuel cell operating conditions, hydrogen and carbon
monoxide are electrochemically oxidized producing water, carbon
dioxide and electricity. CH4 conversion was between 10-15%. It is
interesting to notice that at lower CH4/H,O ratios limiting cur-
rent is reached due to H, starvation, while in all cases the sum
of the carbon oxides produced either remains constant (Fig. 5¢) or
slightly decreases (Figs. 5a and 5b) with increasing current. This
strongly indicates that CH4 does not participate directly in the
electrochemical oxidation process. In this respect the variation in
the open circuit potential can be attributed to the variation of the
H,/H;0 because of the increase of the catalytic rate of the steam
reforming reaction upon increasing CHy partial pressure. Thus ac-
cording to the Nerst equation (5) which takes into consideration
only H, oxidation reaction the open circuit potential is estimated
to vary from 891 mV (Fig. 5a Py, = 2.7 kPa) to 985 mV (Fig. 5c,
Py, = 8.7 kPa). The experimental and estimated values are shown
in Table 1. It is evident that the experimental and theoretically es-
timated values are rather close. The deviation can be attributed to
the mixed potential induced by the presence of CO, which is an
electroactive species and is not included in the used Nerst equa-
tion (5).

In order to shed more light on the reaction mechanism and
the effect of Au doping on the electro catalytic activity of methane
reforming/oxidation the transient experiments depicted in Fig. 6
were carried out. Initially dry methane/Ar mixture (total flow
~100 cc/min with ~4.5 kPa CH4) is being processed over the
NiAu(5 at%)/YSZ anode at 1023 K. The interaction of CH4 with
the Ni surface results as expected in the formation of H, and ap-
parently to deposited carbon on the Ni surface. The open circuit
voltage was Vocp = —1486 mV. At time ¢t =0 a constant poten-
tial V = —1200 mV is applied corresponding to a current density
i~ 4.3 mA/cm?. Surprisingly the formation rate of H, drops below
50% (Fig. 6a) accompanied by CO formation. No water or CO, for-
mation was detected. Thereafter H, formation rate increases to a
steady value corresponding to the stoichiometry of methane’s par-
tial oxidation according to reaction (8):

1
CH4 + 502—) CO + 2H,. (8)

It must be noted that CO formation rate slightly decreases
and corresponds directly to the current variations. This apparently
shows that only CO is produced by the electrochemical oxidation of
the adsorbed carbonaceous species on the NiAu(5 at%)/YSZ anode.
It is interesting to notice that similar experiment at lower temper-
atures (873 K Fig. 6b) shows the formation of CO; and H,O most
probably due to the direct oxidation of CO and Hy. As it will be
shown further on, this can be attributed to the limited decompo-
sition reaction rate of oxyhydrogenated adsorbed species through
which the formation of CO and Hy (reaction (12)) is carried out.
The reaction rates of the products formation, during the transient
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Table 1
The effect of CHy reforming rate on OCP at Py,0 =6.2 kPa, T = 1123 K (Fig. 5)

Pch, TH, P, Eocp experimental Eocp theoretical
(umols~! cm=2) (kPa) (mV) (mV)
6.5 2.05 2.7 922 900
13 3.95 53 946 922
20 6.50 8.7 971 945

experiments of Fig. 6, are comparable to the applied current den-
sity. In particular as shown in Fig. 6 the applied current density
4.3 mA/cm? corresponds to 0.022 pmol 0%~ /cm? s which is com-
parable to the 0.06 pmol Hy/cm? s that are being produced by CHy4
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Fig. 6. Dynamic response of the production rate of H, and CO at T = 1023 K: (a) Ha,
CO, COy and Hy0 at T =873 K, (b) on NiAu(5 at%)/YSZ upon constant voltage ap-
plication (F; = 100 cc/min).

dissociation. Thus it is quite reasonable to observe the aforemen-
tioned effect on the open circuit reaction rate of CH, dissociation.

3.4. Stability test

The stability of the anode was tested through the short term
durability test depicted in Fig. 7. The Ni(Au 1 at%)/YSZ anode was
fed with ~22 kPa methane and ~6 kPa water. Pure oxygen was
fed to the cathode and the cell operated at 1123 K and —500 mV
(V) producing about 300 mA/cm? for more than 60 h. The per-
formance of the cell was stable throughout the experiment. The
electrochemical performance of the cell under H, flow was tested,
before and after the 60 h stability test, to check if any degrada-
tion took place. In order to simulate the gas composition produced
by the reforming reaction the flow was composed of 10% hydro-
gen and 4.2% water in Ar and the cell was tested at T = 1123 K. As
shown in Fig. 7 the cell performed exactly the same before and af-
ter the durability test, which further proves the high tolerance of
the NiAu/YSZ electrocatalyst to carbon deposition, under internal
steam reforming conditions.

4. Discussion
4.1. Physicochemical properties
The in situ combustion synthesis method for the electrode

preparation is not a state of the art procedure. However by fol-
lowing this method it was possible to prepare the electrode at low
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Fig. 7. (a) Short term stability test of the anode at T = 1123 K, CH4/H,0 > 3 and
operating voltage V. = —500 mV. (b) Electrocatalytic performance under 10% H
and 4.2% H,0 at T = 1123 K, before and after the stability test.

firing temperatures (<1073 K), so that the simultaneous processing
of Au into the Ni/YSZ electrode structure was possible. In addition
due to the low preparation temperature the electrode is composed
of nanoparticles (Fig. 1) with size ranging between 30-50 nm. In
contrast, by following the normal preparation procedures (firing
temperatures 1673 K) particle sizes as large as 1-2 pm are formed.
The nanostructure nature of the electrode is expected to result in:

e Larger catalytic surface area. The BET surface area of the com-
bustion synthesis Ni/YSZ electrocatalyst is 3 m2/gr and it is by
a factor of 5 larger than the high temperature fired Ni/YSZ.

e Extended three phase boundaries between the electrocatalyst
and solid electrolyte (Fig. 1d). Though the nanosized catalytic
particles are beneficial for the high surface area of conven-
tional catalytic systems in the present case the particle size of
the Ni agglomerates play significant role in the bulk conduc-
tivity of the electrode. It must be mentioned that by reducing
the samples at lower temperature (873 K) the electrode film
had a non-acceptable low conductivity. However the nanopar-
ticle structure of Ni must be further optimized by adjusting
the sintering temperature in order to achieve higher electronic
conductivity through the electrode layer, while maintaining
extended interface.
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e Higher resistivity towards thermal sintering of Ni particles.
Though this statement has not yet been proved on a long term
basis, nevertheless the intercalation of the YSZ nanoparticles
is expected to obstruct the agglomeration of Ni nanoparticles.
Within the short timeframe of the electrode treatment under
H; as shown in Figs. 1b and 1c the agglomeration of the par-
ticles is rather obvious on the surface than in the bulk of the
material.

As has been mentioned above, upon reduction of the sample Au
is inserted into the lattice of the Ni particles. The estimated Au/Ni
atomic ratio (=0.11), as derived by dividing the calibrated Au and
Ni XPS peak areas, is twice as large than the nominal composi-
tion of the Au content with respect to Ni (5 at% Au). This strongly
indicates that Au is mainly accumulated on the Ni surface in accor-
dance to the literature, which reports that Au forms surface alloy
on the Ni surface [53,54]. This behavior is also expected by the
miscibility gap in the Ni-Au phase diagram [54]. Sinfelt since 1973
described [55,56] that, it is possible to create bi-metal clusters also
when the two metals are not miscible. Chin et al. [51] showed by
the use of EXAFS, that the Au-Ni bond exists on the Ni surface
with lower coordination number (5.3) in contrast to the high co-
ordination number (12) that was estimated for Au-Au bond in Au
particles. Of course there’s always the possibility that part of Au
may diffuse in the bulk of Ni particles. For example, at tempera-
tures higher than 923 K Holmblad et al. [54] observed diffusion of
Au into the bulk and most probably a temperature dependent equi-
librium is established between surface and bulk solid solutions.
Besenbacher et al. [18] by using DFT calculations had shown that
the Au atoms are inserted in the surface lattice of the Ni particles
thus affecting the electronic/catalytic properties of the neighboring
Ni atoms. In a more recent publication Bengaard et al. [57], who
carried out more detailed DFT calculations, proposed that Au is lo-
cated on the step edges of Ni on which it preferentially binds.

4.2. Kinetic and electrokinetic mechanism

The electrokinetic experiments of Fig. 5 show that methane is
not oxidized electrochemically even when Hy and CO are com-
pletely converted thus reaching limiting current (Fig. 5a). This
strongly indicates that either HpO adsorbed species or electro-
chemically supplied 0>~ oxidize an intermediate adsorbed hydro-
genated carbon species (CHy) resulting from the sequential dehy-
drogenation of CHy. The limiting step can be located either at a
stage prior to the oxidation step along the dehydrogenation se-
quence or at a stage after the oxidation of the adsorbed CHy
species.

Triantafyllopoulos and Neophytides [49] proposed that the syn-
thesis gas production proceeds through the decomposition of oxy-
hydrogenated carbon species, which are formed by the oxidation
of CHy species according to the following reaction scheme (reac-
tions (8)-(11)):

4—X
CH4 — CH, + THZ, (8)
X
CHX—>C+§H2, (9)
CHy + 0,9 — CH,O, (10)
C+ 20,4 — CO,. (11)

The carbon species formed by reaction (9) are carbidic species
[49,52], which readily react with adsorbed O,q to produce CO;
(reaction (11)). In addition at these elevated temperatures the re-
action between CHy fragments to form adsorbed C; and Hj can
also govern the stability of the catalysts as this can facilitate the
graphite formation. The oxidation of CHy species formed through

reaction (8) is expected to result in the formation of oxyhydro-
genated species CHyO (reaction (10)). The adsorbed O,q species
can be generated either by the dissociative adsorption of H,O or
the electrochemical 02~ supply. Thermal decomposition of CHxO
species results in the formation of CO and H, according to reac-
tion (12):

X
CHO — CO + - Hy. (12)

The relative magnitude of the rates of reaction steps (9) and (10)
will determine the carbon tolerance of the steam reforming pro-
cess. Thus a carbon tolerant catalyst must be able to catalyze the
oxidation of the intermediate CHy species faster than their cat-
alytic dehydrogenation towards C species formation. This can be
accomplished either by retarding the sequential dehydrogenation
of methane (reaction (9)) or by promoting the oxidation of the CHy
species (reaction (10)). The validity of the aforementioned consid-
erations is proved by the transient experiment depicted in Fig. 6
and has been described in the results. Initially the dehydrogenation
reactions (8) and (9) take place producing H, and apparently car-
bon deposits. The fast decrease of Hy formation rate upon constant
potential application (at ¢ = 0) must be related to the interruption
of the sequential dehydrogenation due to the oxidation of hydro-
genated carbon species according to Eq. (10). Thereafter the CO and
H, formation rates originate from the decomposition of the oxy-
hydrogenated species according to reaction (12). The progressive
increase of Hy formation and the slight decrease of CO produc-
tion rate must be related to the direct oxidation of the initially
deposited C species at t < 0 according to reaction (13):

C+ 0,4 — CO. (13)

In this respect C is depleted from the catalytic surface thus re-
leasing active sites so that the formation rate of H; progressively
increases to its steady state value. In the case of CO formation
a significant portion of the rate upon voltage application is at-
tributed to the oxidation of the already deposited carbon (reac-
tion (13)), while further on, its formation rate proceeds mainly
through reaction (12). This is also corroborated by the fact that
the rates of CO and H, are not balanced initially i.e. at t =0 upon
voltage application, so that 2rco = ry,. In addition from the tran-
sient experiment of Fig. 6, it becomes clear that the limiting step is
the decomposition of the oxyhydrogenated species (reaction (12)).
This is deduced by the fact that the steady state reaction rate of
H, formation is lower than the corresponding reaction rate of H;
(at t < 0) originating from the decomposition of CH4 according to
reactions (8) and (9). Taking into consideration the transient ex-
periment of Fig. 6b that was carried out at lower temperature
(873 K) it can be concluded that the dissociative adsorption of
methane is an equilibrium reaction step. This conclusion is derived
by the fact that the open circuit decomposition rate of CH4 to-
wards the production of H; is lower than the rate of H, formation
under current application. The fact that CO, and H,O production
is observed, in contrast to the transient experiment at higher tem-
perature (Fig. 6a), strongly confirms the conclusion that the de-
composition of the CH,O species is rate limiting, due to the lower
decomposition rate at the lower temperature. In this respect the
excess 02~ supply will therefore result in higher O,q coverage and
consequently to the oxidation of CO and H;. According to Ref. [58]
under these lower T conditions (Fig. 6b), the temperature is not
sufficient to push the adsorbed CO and H; from the surface before
they are oxidized to CO, and H,O respectively. In this respect it
can be considered that at lower temperatures (873 K) the surface
concentrations of adsorbed CO and Hy are higher and the reaction
between these adsorbates and the adsorbed O is allowed to take
place and results in the formation of CO, and H,O.

In accordance to the aforementioned considerations it is evi-
dent that the inhibition of C formation depends on the relative
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Fig. 8. H, formation rates versus anode’s voltage with respect to an O, reference
electrode (Vwg) for the NiAu(1 at%)/YSZ and NiAu(5 at%)/YSZ at T =973 K.

reaction rates of the oxidation reaction (10) (rox) and the dehydro-
genation reaction (9) (rc). Thus a carbon resistant CH4 steam re-
forming or oxidation catalyst must be considerably active towards
the promotion of the rox than the r¢ reaction so that rox > rc.
A strong indication that supports the promotional effect of Au
content on rqx is the electrokinetic experiment depicted in Fig. 8,
where the H, formation rate is plotted with respect to the applied
cell voltage. The decrease in the reaction rate after the maximum
is due to the formation of H,O and CO, at the expense of Hy and
CO. This corroborates with the aforementioned statement regard-
ing the increase of the O,q species coverage. In fact the decrease
of the applied cell potential results in higher current application
and thus higher 02~ flux is pumped to the NiAu/YSZ anode. This
is equivalent to the increase of the O, partial pressure in the
case of a conventional catalytic system. According to Langmuir-
Hishelwood kinetic considerations the appearance of the maximum
corresponds to a threshold where the coverage of the adsorbed
hydrogenated species is lowered, while the increase in 0,4 cover-
age is not adequate to maintain the increase of the adsorbed CHy
species oxidation rate (reaction (10)).

As it is evidently shown both H; formation rate maxima and
open circuit potential are shifted towards more negative values.
This shows that the electrocatalytically active species that are
being formed by the dissociative adsorption of methane induce
higher cell potential. Based on the Nernst equation (14) the higher
absolute value of cell potential is caused by the decrease of O,q
activity ap on the NiAu/YSZ electrode [59].

RT ag
Eoc = — In( 22 ). 14
T n(Poz> (14)

This is directly related to the depletion of 0,4 from the electrode
surface either due to the higher reactivity of the adsorbed carbona-
ceous species with 0,4 or 02~ species or to the displacement of
the 0,4 species by the adsorbed carbonaceous species. The shift
of the reaction maximum towards more negative potential for the
case of NiAu(5%)/YSZ can be an indication of either a slower CHy
dissociation rate or less reactive (stronger surface bonding) car-
bonaceous species towards CO production.

Besenbacher et al. carried out ab initio theoretical calcula-
tions [18] and predicted that the addition of small amount of Au
on the Ni surface induces such changes on the catalytic/electronic
properties of Ni surface, so that both the activation barrier of
CH4 dehydrogenation and the potential energy of the resulting
carbon/carbonaceous species increase. The significant increase in
activation energy is shown in the TGA experiments of Fig. 4c.

Interestingly an almost constant slope is observed in the Arrhe-
nius plot of Ni/YSZ (Fig. 4c) which gives an activation energy of
44 KkJ/mol. A significant number of both experimental and theoret-
ical studies has been devoted to the understanding of the dissocia-
tive chemisorption of methane on Ni surfaces [18,54,60-63]. Both
thermal desorption and kinetic studies [59,60] and molecular beam
experiments [54] have been used to probe the nature of “C-H bond
activation” on Ni, as well as on other metal surfaces [62]. The acti-
vation barriers determined from thermal adsorption and molecular
beam experiments range between 50 and 91 kJ/mol [54,59,60]
while activation energies as high as 100 kJ/mol were estimated,
based on theoretical model calculations [18,61]. The constant acti-
vation energy shows that the Ni/C layer develops stable catalytic
properties already in the early stages of carbon deposition. This
can be due to the graphitization of the Ni surface, which thereafter
promotes constantly the autocatalytic graphite formation [64,65].
On the other hand in the case of NiAu/YSZ a tenfold larger activa-
tion energy is observed initially which upon the built up of carbon
deposits it approaches, at elevated temperatures, the activation en-
ergy of Ni/YSZ sample. This can be realized if we assume that the
Ni/C layer undergoes significant modifications resulting finally into
a graphitic layer that promotes the autocatalytic graphite forma-
tion.

In general two parameters can be considered for the graphite
development on Ni surface. On the one hand a critical ensemble
of Ni surface atoms is needed for graphite formation [38], while a
rather strong bonding of the C species with the Ni surface may not
facilitate the carbon-carbon reaction. This is in qualitative agree-
ment with the experimental observation in the TGA experiment of
Fig. 4c, which shows that in the case of NiAu/YSZ sample a larger
carbon deposit must be reached so that the activation energy of
carbon deposition and obviously of graphite formation will match
that of Ni/YSZ.

5. Conclusions

Despite its technical limitations, the in situ combustion synthe-
sis method is an effective method for preparing porous, nanos-
tructured electrocatalysts with high electrocatalytic activity. The
Ni(1 at% Au)/YSZ electrocatalyst performs very well when operat-
ing with methane under internal steam reforming conditions, even
when it is fed with high methane concentrations at temperatures
as high as 1173 K. In this respect the Ni(1 at% Au)-YSZ electrocat-
alyst, prepared by combustion synthesis, proved to be a promising
SOFC anode, because of its high tolerance to carbon deposition, at
least under internal steam reforming conditions.
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