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M/Ce0,/YSZ nanocomposites (M =Ru, Pd, Ag) were prepared by successive impregnation and tested in
the ethanol steam reforming (ESR). Ru/CeO,/YSZ demonstrated good activity and stability under reac-
tion conditions. Pd/CeO,/YSZ shows good initial activity but suffers of significant deactivation while the
performances of the Ag-based sample were rather poor. A plethora of different structural (Powder XRD),
microstructural (HR-TEM), morphological (surface area, CO chemisorption) and thermal analysis char-
acterization techniques were used to evidence the modification of the samples induced by prolonged
exposure to the reaction mixture. The promising performances of Ru/CeO,/YSZ were associated to the
combination of the positive action of the metal selectivity to syn-gas and of CeO, in metal dispersion
stabilization and coke deactivation prevention.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In the last years, the research activities devoted to the devel-
opment of new energy vectors or alternative fuels have rapidly
increased due to the drivers for cleaner air and for reducing the
dependence upon fossil fuels. In addition, the ever-growing world
energy demand pushes for a diversification of energy sources with
particular attention to renewables [1] and for the development
of active and stable fuel cells (FC), able to guarantee high con-
version efficiency [2]. Among the various options to meet global
energy needs, hydrogen, in combination with FCs, is considered a
very attractive energy vector. While, it is generally accepted that
H, based fuel cells can contribute to preventing the environmen-
tal pollution generated by conventional combustion engines, many
problems remain unsolved for its large scale use. These latter relate
to the enormous cost for the necessary infrastructure, technological
problems in sustainable hydrogen production, storage and distribu-
tion [3]. Nevertheless, the possibility to produce H, from a variety of
resources by many different ways stimulates the research activities,
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with particular attention to the more sustainable options. At the
present, steam reforming of natural gas and partial oxidation of coal
or heavy hydrocarbons are the most commonly used and economi-
cally competitive methods for large scale hydrogen production [4].
There is a general consensus on the fact that any future energy
scenario is based on a mix of energy sources with an increased
contribution of the renewables ones. This applies also to hydrogen
production, where its production from biomasses is a challenging
task [3].

Many different raw materials and reactions have been proposed
for hydrogen production [4-8]. Of these, great attention has been
dedicated to ethanol conversion to syngas. In fact, large quantities
of first generation ethanol are already produced by fermentation
of sugars and more sustainable second generation ethanol can be
obtained from lignocellulosics [9,10] Literature reports reveal that
the ethanol conversion and selectivity to hydrogen strongly depend
on the type of metal catalyst used, type of precursor, preparation
methods, type of catalyst support, presence of additives, operat-
ing condition and temperature. Catalysts consisting of Rh and Ni
loaded on different supports present so far the best activity and
are the most commonly used for ethanol steam reforming (ESR)
for hydrogen production [11-16]. During ethanol steam reform-
ing, Rh supported on Al,03, MgO or TiO, showed higher ethanol
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conversion and hydrogen production than Ru, Pt and Pd [17]. Pt
promotes the Water Gas Shift Reaction (WGSR), but its activity
in C-C bond rupture was found to be limited. The hydrogen pro-
duction of Ru-based catalyst is comparable to that of Rh only at
relatively high Ru loading (5wt%). While promising stability was
observed for Rh based systems, Ru induces dehydration of ethanol
to form ethylene, leading to coke formation via polymerization.
Therefore, suitable promoters/additives must be added to prevent
coke formation for effective and stable operation [15]. In this sce-
nario, ceria can play a major role. In fact, CeO,-based materials are
widely used in catalysis since they increase and stabilize the metal
dispersion of noble metals [18,19] and are able to provide reactive
lattice oxygen [20,21]. These latter factors increase the efficiency
of oxidation reactions, such those involved in reforming processes,
reducing the deposition of intermediates that, after polymerization
and dehydrogenation, result in coke deposition and deactivation of
the catalysts. Accordingly, CeO,-based materials are largely present
in Three-Way Catalysts [21,22], catalysts for reforming processes
[23-31] (including ethanol steam reforming [14-16,32]) and for
H, purification [33-36] and electrodes for Solid Oxide Fuel Cells
(SOFCs). In the latter application, CeO, is used to (i) increase the
rate of oxidation reaction, (ii) to avoid the undesired solid state
reaction between Yttria-Stabilized Zirconia (YSZ - the most used
electrolyte) and perovskitic materials used as electrode materials
and (iii) to increase the length of the Triple Phase Boundary (TPB)
[37-40]. Moreover, CeO,-based materials are key components of
anodes of SOFCs fed directly with liquid fuels, such as hydrocarbons
[41-43] or alcohols (including ethanol) [44,45], operating internal
reforming or direct oxidation of the fuel without the necessity of a
preliminary reforming step to produce Hj.

In the present work, the activity of heterogeneous catalysts com-
prising Ru, Pd or Ag was evaluated with respect to H, production by
ethanol steam reforming. The metals were deposited on a CeO,/YSZ
nanocomposite support in order to obtain a material with compo-
sition similar to that of SOFCs anodes.

2. Experimental
2.1. Catalyst preparation

CeO, (10wt%)/YSZ support was prepared by impregnation of
commercial Yttria Stabilized Zirconia (YSZ, Y503 7-9 mol%, Mel
Chemicals) previously calcined at 750 °C for 24 h. Briefly, an appro-
priate amount of cerium ammonium nitrate ((NH4),Ce(NOs3)g,
99.9%, Aldrich) was dissolved in ethanol and YSZ was added under
continuous stirring. After 2 h, the slurry was dried first at room tem-
perature under reduced pressure for 6 h and then in air at 120°C
for 12 h. The material was calcined in a static oven at 600 °C for 5h
(heating rate 1°Cmin~!, cooling rate 4.5°Cmin~1).

Pd, Ru and Ag were supported on the CeO, (10%)/YSZ in order to
obtain a nominal metal loading of 2 wt% by wet impregnation using
aqueous solution of Pd(NO3)3-2H, 0 (puriss. Fluka), AgNO5 (puriss.
Fluka) or Ru(NO)(NO3 )3 (ChemPur). An appropriate amount of the
metal precursor was dissolved in bidistilled water. After adding
the CeO, (10%)/YSZ powder, the suspension was stirred for 2 h. The
solvent was removed at reduced pressure and the solid dried at
120°Covernight. Finally, the samples were calcined in a static oven
at 400°C for 5 (heating rate 1°Cmin~!, cooling rate 4.5°Cmin~1).

2.2. Characterization

CO chemisorption and BET surface area measurements were
performed using a Micromeritics ASAP 2020C analyzer. N,
physisorption isotherms were collected at liquid nitrogen temper-
ature on 0.1 g of sample, after evacuation at 350 °C overnight.

CO chemisorption experiments were performed at 35 °C. Previ-
ous to the chemisorption experiments, the calcined catalysts were
subjected to a cleaning pretreatment at 500°C for 1h under O,
(5%)/Ar flow followed by reduction at 150°C in Hy (5%)/Ar for 2h
and evacuation at 400 °C for 4 h. In order to avoid coke removal from
aged samples, the cleaning pretreatment was not applied and only
the reduction step was performed. Typically, 0.2 g of samples were
used and an equilibration time of 10 min was employed. Adsorption
isotherms were measured in the low pressure range (2-20Torr)
in order to minimize the CO adsorption due to carbonate forma-
tion on Ce0,. The so-called reversible adsorption was eliminated
by the double isotherms method. A chemisorption stoichiometry
CO:M=1:1 and a spherical geometry were assumed for the metal
nanoparticles.

Powder XRD patterns of the samples were recorded with
a Philips PW 1710/01 diffractometer using Cu Ko radiation
(A=0.154nm). The data were collected with a 0.02° step size in
the 260 range from 10° to 100°, using a counting time of 10s per
point.

Temperature Programmed Reduction (TPR) experiments were
performed using a Micromeritics AutoChem 2910 instrument on
~0.25¢g of the calcined materials. The samples were cleaned at
350°C for 1h by pulsing of O, in an Ar flow every 75s, then
purged with Ar at 350 °C for 15 min and cooled to -70°C. H, (5%)/Ar
(40 mLmin~1) was admitted into the reactor and the flow allowed
to stabilize for 30 min before increasing the temperature to 900°C
at 5°Cmin~!. H, uptake was monitored using a Thermal Conduc-
tivity Detector (TCD). After reduction, the flow was switched to
Ar to remove adsorbed hydrogen and the temperature allowed to
decrease to 427 °C.The reduced materials were re-oxidized by puls-
ing O, into the Ar flow at 427 °C until a stable area is obtained for
the O, pulse (at least 40 pulses were injected into the flow).

ThermoGravimetric Analysis (TGA) were performed using a TA
Instruments TGA Q500 instruments in flowing air (60 mLmin—1).
Usually, 10 mg of the spent catalysts were loaded and water was
desorbed in flowing air at 100 °C for 20 min, until a constant weight
were obtained. After that, the temperature was increased up to
1000 °C with a heating rate of 10°Cmin~1.

High resolution-transmission electron microscopy studies were
performed using a transmission electron microscopy (TEM Philips
CM200 UT operating at 200kV). Samples for TEM were prepared
by dispersing a small amount of powder in hexane and depositing
a drop of the resulting suspension on a commercial carbon coated
copper grid.

2.3. Catalytic tests

Catalytic experiments were conducted in a U-shaped 4 mm ID
quartz microreactor. Typically 32 mg of catalyst, diluted in a 1:2
weight ratio with high purity a-Al,03 (Grace Davison, calcined at
1300°C for 24 h), were used. EtOH/H,0 1:5 mixture were injected
into an Ar flow with a Hamilton Gastight syringe using an INSTECH
Model 2000 syringe pump at a rate of 1.8 wLmin~!, in order to
obtain an ethanol concentration of 1.0% by volume in the gas
stream. All the transfer lines between syringe, reactor and GC were
heated to 120°C. Gas flow rates were ~32 mLmin~! to ensure GHSV
values of ~60,000mLg~' h—1.

Before testing the catalytic activity, the calcined materials
were pretreated under O, (5%)/Ar at 350°C for 1h (40 mLmin~1,
10°Cmin~!) and activated by reduction in Hy (5%)/Ar at 150°C
for 2h (40mLmin~!, 5°Cmin~1). The gaseous mixture was first
introduced in the reactor at 150°C for 1h, before increasing the
furnace temperature to 600°C with a heating rate of 1°Cmin~'.
After 2 h at 600°C, the furnace was cooled to 150°C at the same
rate. The catalyst was subjected to two of these cycles before being
tested isothermally at selected temperatures. Stability tests were
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Fig. 1. Ethanol steam reforming activity on activated samples: overall
ethanol conversion (a) and molar yields of products for Ag/CeO,/YSZ (b),
Ru/Ce0,/YSZ (c) and Pd/CeO,/YSZ (d). Conditions: EtOH (1.0%)+H,0 (5.0%) in Ar,
GHSV~60,000mLg-'h-1.

performed exposing the samples at the reaction mixture at 550°C
for at least 75 h.

On-line GC analysis was performed using a Hewlett Packard
5890 Series Il gas chromatograph. A Molsieve 5A column, with Ar
as carrier, was connected to a thermal conductivity detector (TCD)
to analyze H,, O3, N5, CH4 and CO. A PoraPLOT Q column, with He as
carrier, was connected in series to a methanator and to a flame ion-
ization detector (FID) to analyze the carbon-containing compounds.
C balance was always within +2%.

3. Results and discussion
3.1. Catalytic activity under ESR

Fig. 1 shows the result of ethanol steam reforming on the
M/Ce0O,/YSZ nanocomposites. The contribution of the homoge-
neous reaction (evaluated with an empty reactor) is negligible
while blank experiments performed using a-Al, 03 alone (the dilu-
ent of the catalysts) evidences only the formation of ethylene at
high temperature (above 500 °C) with a maximum ethanol conver-
sion of ~18% at 600°C.

Ethanol conversion starts around 150 °C, independently of the
investigated catalyst (Fig. 1a). Significant differences in the hydro-
gen yields and selectivity are however observed with temperature
depending on the nature of the metal phase.

Ag|/Ce0,/YSZ (Fig. 1b) shows poor activity in ethanol steam
reforming: the main products are H, and acetaldehyde in all the
temperature range investigated (yield up to 0.8 moly, molEtOH_l)
while only minor amounts of CO, are produced above 400°C.

Ru/CeO,/YSZ (Fig. 1c) shows a progressive increase in
the ethanol conversion up to 550°C. At the same time, H
production continuously increases reaching a maximum of
5.2moly, molEtOH‘l at 580°C.Between 200 and 500 °C, H, and CO,
production is accompanied with the production of low amounts of
by-products, such as acetaldehyde, acetone and methane (molar
yields always below 10mol%). CO production is significant only
above 450°C. Above 500 °C, when ethanol conversion is total, only

H,, CO and CO, are detected in the gas phase, with a relative ratio
in good agreement with the WGSR equilibrium.

Pd/Ce0,/YSZ (Fig. 1d) converts completely ethanol above 350 °C
and H; production reaches the maximum of 4.8 moly, molEtOH‘1
at 580°C. At intermediate temperatures, the selectivity in the var-
ious by-products is very different with respect to the Ru/Ce0O,/YSZ
sample. In fact, very large quantities of CH4 are produced
between 200 and 580°C while acetaldehyde, acetone and ethy-
lene are observed only in very minor amounts (molar yields below
5%).

The differences in the activity observed for the various sam-
ples can be discussed considering the reaction network proposed
for the ethanol steam reforming [16]. The most favorable path-
way involves the dehydrogenation of ethanol to acetaldehyde, that
can be subsequently decomposed to CH4 and CO. Then, CH4 must
be subjected to steam reforming, obtaining a mixture of H,, CO
and CO,, depending from the WGSR equilibrium [16]. Acetone is
obtained by a side reaction involving a condensation, oxidation
and decarboxylation and is promoted by CeO,-based materials and
basic oxides [46]. On the other hand, dehydration of ethanol results
in ethylene production. Subsequently, ethylene can be subjected
to steam reforming producing H,, CO and CO,, depending once
again from the WGSR equilibrium [16]. Dehydrogenation reactions
require the use of a metal catalyst to activate the C-H and O-H
bonds [47,48] while dehydration to ethylene is usually promoted
by the acid sites of the oxide support [13]. Ru and Pd demon-
strates a good activity in the activation of C-H and O-H bonds
and, in agreement with this fact, many studies report their use
as active phases for reforming of hydrocarbons [49-51] or oxy-
genates [50,52,53]. The differences in selectivity between Ru and
Pd could be interpreted with a different catalytic behavior during
acetaldehyde decomposition, suggesting the possibility of a new
step in the reaction mechanism. Pd follows the pathway usually
reported for ethanol steam reforming: acetaldehyde is decom-
posed to an equimolar mixture of CH4 and CO, followed by steam
reforming of methane and WGSR. On Ru/CeO,/YSZ only minor
amounts of CH,4 were detected in the medium temperature range,
although H,, CO and CO, amounts continuously increased with
increasing temperature. This could be an indication that CHy is
easily reformed on the Ru-based catalyst or CHy is not formed by
acetaldehyde decomposition. Usually, quite low conversions are
observed in this temperature range (300-500 °C) on Ru-based cat-
alysts during methane reforming processes [54-56]. Therefore, it
is reasonable that CH4 is formed only in limited amounts during
ethanol steam reforming and that the reaction proceeds through
decomposition of acetaldehyde to CH3 and CHO groups adsorbed
on the metal surface, where they are easily reformed to finally
obtain syn-gas (H,, CO and CO,). On the other hand, Ag/CeO,/YSZ
is the less active in ethanol reforming due to the inability of Ag
to dissociate C-H bonds of hydrocarbons [57]. Since it does not
react on the metal surface, ethanol is available for the reaction of
the acid sites of the support producing ethylene as major prod-
uct.

Prolonged stability tests were performed only on Ru- and Pd-
based catalysts, since they demonstrate promising performances
under ethanol steam reforming. Fig. 2 presents the results obtained
during stability tests performed for 75 h at 550 °C. In both the cases,
initial conversion and selectivity in the different products (Hs, CO,
CO, and CHy4) are in excellent agreement with the values obtained
at the same temperature during run-up experiments. No significant
deactivation of the catalytic performances is observed during the
overall experiment for Ru/Ce0,/YSZ (Fig. 2a). On the other hand,
Pd/Ce0,/YSZ shows, after an initial period of 40 h of stable perfor-
mance, a progressive decrease of ethanol conversion. At the same
time, a progressive decrease in the molar yields of H,, CO, CO, and
CH4 was observed.
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Fig. 2. Stability of ethanol steam reforming activity on activated samples: overall
ethanol conversion (upper panel) and molar yields of products (central and lower
panel) for Ru/Ce0,/YSZ (a) and Pd/CeO,/YSZ (b). Conditions: EtOH (1.0%)+H,0
(5.0%) in Ar, GHSV~60,000mLg~! h~1, T=550°C.

3.2. Characterization of M/CeQ,/YSZ nanocomposites (M =Ru, Pd,
Ag)

3.2.1. Temperature Programmed Reduction (TPR)

Temperature Programmed Reduction (TPR) experiments were
performed to assess the reducibility of the materials and to select
the best conditions for the activation of the catalysts before cat-
alytic experiments (complete reduction of the metal phases). TPR
were performed from —70°C in order to gain information on the
low temperature reduction of palladium oxide and on its hydrides
formation.

Ce0,/YSZ support shows the typical TPR profile of supported
CeO, (Fig. 3a). Two broad reduction peaks are observed. The first
one (250-550°C) is the convolution of various reduction processes.
This TPR peak can be ascribed to the reduction of the surface of
CeO, particles and/or to the reduction of highly dispersed CeO,
nanocrystals [58,59]. The second peak (550-900°C) is ascribed to
the reduction of the bulk of CeO, particles [60].

The presence of a easily reducible metal oxide (ruthenium,
palladium or silver oxide) significantly promotes the reduction
of surface ceria/small ceria nanoparticles [61]. Vice versa, the
reduction of bulk ceria-high temperature peak-is not significantly
affected by the presence of supported metals. The H, consumption
at low temperature corresponds to the contribution of both the
reduction of supported metal oxide and of the surface of ceria. The
values significantly differ among the samples due to the different
composition of the metal oxides present after impregnation (RuO,,
PdO and Ag,0, see below, XRD section). Ru/Ce0,/YSZ (Fig. 3b)
presents two sharp reduction peaks centered at 50 and 105°C.
Pd/Ce0,/YSZ (Fig. 3c) shows a very sharp and intense H, consump-
tion with maximum at 0°C, followed by a negative peak centered
at 65°C ascribed to the decomposition of PdHx species. Finally,
Ag/Ce0,/YSZ (Fig. 3d) presents a broad reduction peak centered
around 70 °C. Despite the different behavior in the low temperature
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Fig. 3. Temperature Programmed Reduction (TPR) profiles for CeO,/YSZ (a),
Ru/Ce0,/YSZ (b), Pd/Ce0,/YSZ (c) and Ag/CeO,/YSZ (d).

range, the reduction processes are completed at 150°C for all the
impregnated samples. Therefore, this temperature was selected for
the activation of the catalysts before each catalytic activity experi-
ments.

After reduction, the amount of reduced species was evaluated
by O, pulses at 427 °C, as a generally accepted procedure reported
in the literature [20]. An O, consumption of 112 wmol 0, g~! was
measured for CeO,/YSZ. Assuming that only cerium is involved in
the redox process at these temperature, the data indicate that ~77%
of the cerium is reduced to Ce(IIl). This value is significantly higher
than usually obtained for bulk CeO, [20]. This discrepancy could
be related with the high interaction between CeO, and YSZ. In fact,
Kim et al. reported that CeO, impregnated on YSZ remains reduced
at higher p(O, ) compared to pure CeO; [59]. Moreover, Putna et al.
reported that CeO, films on YSZ are much easily reducible with
respect to CeO, films of a-Al;0s, as a result of the structure-
directing properties of zirconia surfaces which induce a high
concentration of defects in CeO, overlayers [62]. For Ag/CeO,/YSZ,
an O, consumption close to that of CeO,/YSZ is obtained (109 wmol
0, g~ 1), suggesting that the re-oxidation of Ag is minimal under
these conditions (high temperature pre-reduction, that leads to
metal sintering and low temperature oxidation). On the other hand,
for Ru/Ce0,/YSZ and Pd/CeO,/YSZ the O, consumption is much
higher, 204 and 168 wmol O, g~! respectively. Assuming that the
same O, consumption from reduced CeO,, the difference can be
related with the oxidation of the metal phases. Taking this into
account, a molar O/M ratio of 0.46 and 0.30 can be calculated for
Ru- and Pd-based samples, respectively. This is an indication that,
after the severe sinterization expected for the metals after the TPR,
their full re-oxidation is not possible and O, consumption results
mainly in the passivation of the metal surface or in the formation
of an oxide layer on the surface of large metal cores.

3.2.2. N, physisorption

N, physisorption at the liquid nitrogen temperature was
employed to investigate the evolution of the textural properties of
the samples from their preparation to the end of the catalytic activ-
ity experiments. YSZ support calcined at 750 °C for 24 h presents a
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Table 1

N, physisorption results for M/CeO,/YSZ (M =Ru, Pd, Ag) after various treatments.
Sample SSA? (m2g1) CPV® (mLg1!) dy€ (nm)
Calcined
YSZ 47 0.17 11/27
Ce0,/YSZ 41 0.15 10/40
Ru/Ce0,/YSZ 42 0.15 10/28
Pd/Ce0,/YSZ 42 0.15 10/28
Ag/Ce0,[YSZ 41 0.13 10/28
Activated/reduced
Ru/Ce0,/YSZ 37 0.15 10/28
Pd/Ce0,/YSZ 39 0.13 10/27
Ag/Ce0,/YSZ 40 0.16 11/38
Run-up
Ru/Ce0,/YSZ 39 0.16 10/55
Pd/CeO,/YSZ 38 0.14 10/28
Ag[Ce0,/YSZ 40 0.16 10/55
After stability test
Ru/Ce0,/YSZ 38 0.16 10/38
Pd/Ce0,/YSZ 32 0.12 10/28
After regenerationd
Ru/Ce0,/YSZ 39 0.15 10/39
Pd/CeO,/YSZ 36 0.14 10/38

2 Specific Surface Area from BET analysis.

b Cumulative Pore Volume determined from the desorption branch of physisorp-
tion isotherms.

¢ Relative maxima of the pore distribution determined by the BJH analysis from
the desorption branch of the physisorption isotherms.

d' After stability tests, the catalysts were cleaned by oxidative treatment at 500 °C
for 1h to remove carbonaceous deposits e reduced in H,/Ar at 150°C for 1 h.

physisorption isotherm typical of a mesoporous material with a
bimodal distribution of the pores, with relative maxima centered
around 10 and 30 nm. The impregnation with CeO, produces a
slightly decrease of the surface area and pore volume while the
subsequent impregnation with the metal precursors do not further
modify the texture on the materials. (Table 1) The textural proper-
ties of the samples are marginally affected by the activation by Hy
reduction at 150 °C and after two consecutive run-up experiments
up to 600 °C under ESR condition. A significant decrease in the sur-
face area and pore volume is observed only for the Pd/CeO,/YSZ
sample after stability tests. Finally, an oxidative treatment at 500 °C
performed on the spent Pd/CeO,/YSZ catalyst results in a partial
recovery of the initial surface area and pore volume. These results
suggest that the deposition of carbonaceous compounds on the
surface of the Pd/Ce0,/YSZ catalyst significantly contributes to the
deactivation process resulting in a partial pore blocking. Remark-
ably, the textural properties Ru/CeO,/YSZ are almost unaffected
by the prolonged exposure under ESR conditions at 550°C, sug-
gesting that the coke deposition takes place in a lower extent with
respect to Pd/Ce0,/YSZ and does not significantly affect the activity
performance.

3.2.3. Powder X-ray diffraction

Powder XRD patterns were collected on the samples after acti-
vation (H; reduction at 150 °C) and after aging under ESR condition
(both after run-up experiments and stability tests). The XRD pat-
terns are dominated by the reflection of tetragonal YSZ (space group
P4, /nmc) and cubic CeO, (space group Fm3 m). Notably, after cal-
cination at 400 °C, very weak and broad reflections of metal oxide
phases are observed (data not shown), indicating the presence of
RuO,, PdO and Ag,0 in the samples. After activation by reduction
at 150°C (Fig. 4), very weak reflections related to metal phases
can be observed. Their intensity significantly increases after aging
under ESR conditions, suggesting a partial sintering of the metal
nanoparticles (Fig. 5). Rietveld analysis of the XRD patterns allows
to estimate the weight percentages and the cell parameters of each
component in the nanocomposite catalysts. Notably, Rietveld anal-
ysis can underestimate the amount of metal active phase, especially
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Fig. 4. Powder XRD patterns of CeO,/YSZ (a), Ru/CeO,/YSZ (b), Pd/Ce0,/YSZ (c) and
Ag[Ce0,[YSZ (d) after activation by H, reduction at 150°C for 2 h.

when metal nanoparticles are highly dispersed on medium-high
surface area supports. In the present study, the amount of each
phase, determined from Rietveld analysis, is very close to the nom-
inal values (2 wt% for the metals, 10 wt% for CeO,, 88 wt% for YSZ)
for all the samples treated at high temperatures (after two run-up
experiments at 600 °C or after prolonged aging at 550 °C). This sug-
gests that the XRD data can provide a representative description of
those samples. On the other hand, after activation by reduction at
150°C, the amount of metal estimated by Rietveld analysis is sig-
nificant lower with respect to the nominal value (about 1wt% in
all the cases), suggesting that part of the metal is present in a very
dispersed form on the surface of the catalysts and hardly detected
by XRD. The cell parameters are in good agreement with the the-
oretical values. Moreover, they are not influenced in a significant
extent by the thermal/chemical treatments subjected by the sam-
ples. Notably, this fact indicates that no solid state reaction between
the components (in particular, CeO, and YSZ) takes place, as a result
of cation diffusion during prolonged high temperature treatment.

Table 2 summarizes the mean crystallite sizes obtained for the
different phases. The mean crystallite sizes of YSZ and CeO, are
not affected by the various treatments of the materials. Since the
intensities of the reflections of the oxides of the metals impreg-
nated on the CeO,/YSZ support are very low, their crystallite sizes
cannot be calculate. On the other hand, the mean crystallite sizes
of the metal phases significantly increases during tests under ESR
conditions with respect to the correspondent values after activa-
tion (H reduction treatment), indicating a partial sintering of the
metal nanoparticles during ethanol reforming.

3.2.4. CO chemisorption
CO chemisorption was employed to evaluate the accessibil-
ity of the metal phases. Generally speaking, the selection of the
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Fig. 5. Detail of the powder XRD patterns in the range 32-50° for CeO,/YSZ (a),
Ru/Ce0,/YSZ (b), Pd/Ce0,/YSZ (c) and Ag/CeO,/YSZ (d) after activation by H; reduc-
tion at 150°C for 2 h (black lines), after two consecutive run-up experiments under
ESR conditions to 600 °C (light grey lines) and after stability tests under ESR condi-
tions at 550°C for 75 h (dark grey lines).

experimental conditions is crucial to obtain a reliable estimation
of the fraction of atoms exposed to the gas phase. In particu-
lar, significant experimental problems can be encountered for the
determination of the metal dispersion of CeO,-based materials. In
fact, hydrogen spillover from the metal to the support could take
place during the chemisorption, resulting in a significantly high gas

Table 2
Mean crystallite sizes calculated for the phases present in M/CeO,/YSZ (M =Ru, Pd,
Ag) after various treatments.

Sample Mean crystallite size? (nm)

YSZ Ce0, Metal
Calcined
Ce0,/YSZ 17 10 -
Ru/Ce0,/YSZ 18 10 N.Cb
Pd/Ce0,/YSZ 18 10 N.CP
Ag/CeO,/YSZ 17 9 N.CP
Activated/Reduced
Ru/Ce0,/YSZ 17 10 9
Pd/CeO,/YSZ 17 10
Ag/Ce0,/YSZ 17 10 10
After run-up experiments
Ru/Ce0,/YSZ 17 10 16
Pd/CeO,/YSZ 17 9 12
Ag[Ce0,/YSZ 17 9 16
After stability test
Ru/Ce0,/YSZ 17 8 19
Pd/CeO,/YSZ 17 8 13

2 Determined applying the Scherrer’s formula to the main reflection of each phase.

b Not calculated: the intensities of reflections from oxide phases related to the
metals impregnated on the supports are too low for a reliable estimation of the
crystallite sizes.

Table 3
CO chemisorption results for M/CeO,/YSZ (M =Ru, Pd) after various treatments.

Sample CO chemisorption

Cco/M? Apparent particle Metal surface

size® (nm) area® (m?2g1)

Activated/reduced
Ru/Ce0,/YSZ 0.360 3.7 2.63
Pd/CeO,/YSZ 0.093 12.0 0.83
After stability test
Ru/Ce0,/YSZ 0.195 6.8 143
Pd/Ce0,/YSZ 0.006 190 0.05
After regeneration®
Ru/Ce0,/YSZ 0.246 5.4 1.80
Pd/Ce0,/YSZ 0.079 14.2 0.70

2 Assuming a CO/M stoichiometry of 1.

b Calculated assuming a spherical geometry of the metal particles

¢ After stability tests, the catalysts were cleaned by oxidative treatment at 500 °C
for 1 h to remove carbonaceous deposits e reduced in Ha/Ar at 150°C for 1 h.

consumption during the experiments [63]. In addition, presence of
reduced ceria can lead to suppression of chemisorptions capabil-
ity [63,64]. Hydrogen spillover effects can be limited by reducing
the chemisorption temperature or with a careful selection of the
partial pressure of the probe gas [64,65]. However, in the case of
Pd-ceria based materials, the low temperature chemisorption can-
not be applied due to the formation of PdH, species with different
stoichiometry depending from the H, pressure and the dimen-
sion of the metal nanoparticles. Furthermore, the kinetic of H,
adsorption on Ru is very low at room temperature and chemisorp-
tion experiments must be performed at high temperature, where
unfortunately spillover is maximized. Therefore, CO chemisorp-
tion appears as the best option to simultaneously investigate the
accessibility of both Ru- and Pd-based samples. Chemisorption
experiments were conducted in a low pressure range (1-20Torr)
to minimize the formation of carbonates on the CeO, support.

Ru/Ce0,/YSZ presents a higher metal accessibility with respect
to Pd/CeO,/YSZ (Table 3). This could be due to a different disper-
sion of the metal or to a different sensitivity of the two metals with
respect to the electronic deactivation by reduced CeO,, being Pd
more sensitive than Ru. Notably, this latter deactivation is usu-
ally observed after more severe reductive treatment than those
involved in activation of the catalysts (150°C). The occurrence of
electronic deactivation cannot be excluded in the case of the sam-
ples after stability tests, exposed to the reductive environment at
550°C for prolonged time.

The apparent Ru particle size estimated from chemisorption
(Table 3), is lower with respect to the mean crystallite size deter-
mined by XRD (Table 2), suggesting the presence of a considerable
fraction of highly dispersed Ru nanoparticles. In fact, XRD broaden-
ing overestimates the mean crystallite dimensions when a relevant
fraction of highly dispersed metal nanoparticles are present: the
reflection intensity is mainly due to large, ordered particles while
the very small, disordered metal particles scarcely contribute to
diffraction of X-rays. On the other hand, a best agreement is
observed in the case of Pd. After stability test under ESR conditions
at 550°C for 75 h, the accessible surface area is strongly reduced for
both the catalysts investigated, as a result of coke deposition (see
below), sintering, possible electronic deactivation or, but unlikely,
occurrence of metal particle decoration (no evidence by TEM, see
below). The accessibility of the metal is recovered after oxidative
treatment at 500 °C, that removes carbon deposits and re-oxidize
Ce0O,.

3.2.5. High resolution Transmission Electron Microscopy
(HR-TEM)

Transmission Electron Microscopy (TEM) was employed to
investigate the morphology of the samples and their possible mod-
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Fig. 6. TEM images of samples after activation by H, reduction at 150°C for 2 h for Ru/Ce0O,/YSZ (a) and Pd/CeO,/YSZ (b) and representative HR-TEM images of metal

nanoparticles for Ru/Ce0,/YSZ (c¢) and Pd/Ce0O,/YSZ (d).

ifications after working under ESR conditions. TEM investigation of
the YSZ and Ce0O,/YSZ supports (data not shown) allow to evidence
their morphology, helping in the identification of metal parti-
cles in the reduced samples. YSZ is composed by round-shaped,
large grains (15-20 nm), strongly interconnected within each other.
CeO, particles deposited on the YSZ support can be recognized as
smaller, shaped particles with dimensions of 5-10 nm, that are uni-
formly distributed on the YSZ grains. The dimensions observed for
YSZ and CeO, are in good agreement with the mean crystallite sizes
calculated by XRD broadening (Table 2). Fig. 6 shows representa-
tive TEM images of the Ru- and Pd-based samples after activation by
H, reduction at 150 °C. The morphology of both reduced catalysts
is quite similar (Fig. 6a and b for Ru/Ce0,/YSZ and Pd/Ce0O,/YSZ,
respectively). Despite the prolonged thermal treatment at 750°C
applied on YSZ in order to stabilize its textural properties, the sup-
port grains present a rounded shape, with smoothed edged and
corners. Although the surface area of the materials is not very high
and the metal loading should be reasonable for a TEM investiga-
tion, the detection of metal nanoparticles was a hard task. This
could be reasonably related with the low contrast between the
metal phases (Ru or Pd) and the nanostructured support com-
ponents (CeO, and YSZ) [64] or to the presence of a significant
fraction of highly dispersed metal nanoparticles (as suggested by
comparison of XRD and CO chemisorption data). TEM observations
are local in nature. The metal nanoparticles could be located on
specific places this suggesting it is difficult to exactly find them
by TEM. Anyway, a number of metal nanoparticles were clearly
identified on both the samples by TEM. Fig. 6¢ shows a represen-
tative Ru particle composed by two crystalline nanodomains with
dimension of ~10 nm each while Fig. 6d presents a representative

Pd nanoparticles of ~2 nm supported on a spherical CeO, particle
deposited on YSZ, as confirmed by the measurements of the pla-
nar spacing and by the analysis of the morphology of the particles
(Fig. 6).

After aging under ESR condition for 75 h at 550°C, TEM images
evidence some modifications on the morphology of the sam-
ples. (Fig. 7), In particular, carbon deposits with graphitic nature
were identified from the lattice spacing (~0.351nm) that are
always in good agreement with the distance among graphite layers
(d=0.335nm). The morphology of these deposits is very different
in the two cases. On Ru/Ce0Q,/YSZ, carbon ribbons grow as fila-
ments, in a similar way that previously observed for other metals,
such as Ni [66,67]. This observation is in agreement with the good
activity demonstrated by this catalyst and with the reduced but
even accessible metal surface area. In fact, carbon filaments usu-
ally grow moving from one facet of a metal nanoparticle, leaving
the remaining facets still available for adsorption of reagents. On
the other hand, aged Pd/CeO,/YSZ shows the presence of carbon
deposits covering completely the surface of the metal particles.
This result justifies the strong decrease of the accessible surface
area evidenced in this sample. After a short catalytic period of time
the Pd nanoparticles appear to package themselves in carbon this
inhibiting subsequent catalytic activity.

3.2.6. ThermoGravimetric Analysis (TGA)

Fig. 8 shows the traces obtained by TGA analysis of the aged sam-
ples, performed in order estimate the amount of carbon deposits.
A complex feature was obtained for both the samples. In both the
cases, the weight changes are very limited, with an initial decrease
of the weight followed by an increase above 500 °C. The final trend
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Fig. 7. Representative TEM images for the samples after aging under ESR conditions
at 550°C for 75 h: Ru/Ce0,/YSZ (a) and Pd/Ce0,/YSZ (b). Representative details of
carbon deposits are shown in the insets.
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Fig. 8. ThermoGravimetric Analysis (TGA) of the samples after aging under ESR
conditions for 75 h: Ru/Ce0,/YSZ (a) and Pd/CeO,[YSZ (b).

in the weight of the materials is a combination of the loss due to car-
bon removal and of the gain due to reoxidation of reduced CeO, and
metal nanoparticles. For both the materials, the first process pre-
dominates at low temperatures while the second becomes more
important at higher temperatures. Considering that the amounts
of O, acquired during the re-oxidation of the reduced materials
is generally quite similar, the weight increase due to re-oxidation
should be comparable. This result suggests that the amount of car-

bon residues deposited on the Pd/CeO,/YSZ is higher with respect
to that present in the aged Ru/CeO,/YSZ.

4. Conclusions

Ethanol steam reforming was investigated over M/CeO,/YSZ
nanocomposites (M =Ru, Pd, Ag), as potential anodic components of
SOFC. While Ru- and Pd-based systems showed promising activity,
the silver containing catalyst presented very poor performances.
Combination of TEM, Chemisorption and XRD data indicate that
both Ru and Pd are subjected to partial metal sintering after pro-
longed high temperature aging. Small amount of coke is observed
on both catalysts, the location and morphology of which strongly
depends on the metal. Coke formation on Pd/CeO,/YSZ results in
the occlusion of metal nanoparticles as amorphous layers, lead-
ing to a progressive and drastic deactivation of the catalyst. Less
carbon is observed on Ru-based system and, more remarkably,
it appears mostly as graphitic filaments. This latter form of coke
allows a better accessibility of Ru with respect to the case of Pd.
While total occlusion of the metal phase is an undesirable catalytic
effect, the presence of a small amount of graphitic coke might pos-
itively increase the electronic conductivity of the anode of a SOFC,
especially working at intermediate temperature [68].
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