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This work studied the effect of the type of ceria dopant on the performance of Ni/CeO, SOFC anode for
ethanol conversion reaction. Ni-based catalysts supported on CeO, doped with different cations (Gd, Y, Pr,
Zr, Nb) were prepared by the hydrothermal method. The addition of dopant to ceria led to the formation
of the solid solutions during calcination for all samples, except for CeNb sample due to the low solubility
limit. In spite of the high oxygen mobility of ceria-based supports, all catalysts deactivated for ethanol
decomposition reaction at 1123 K due to carbon deposition. The large Ni® and CeO, crystallites formed
during calcination at high temperature reduced the effectiveness of the mechanism of carbon removal
because of the low metal-support interfacial area. The lowest formation of carbon on Ni/CeNb catalyst
was attributed to the presence of NiNb,Og phase. The reduction of this phase leads to the formation of
Ni particles covered by NbOy species, which inhibits carbon formation.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The ethanol obtained from biomass has been considered as a
promising alternative for energy generation, since it does not con-
tribute to CO, emissions. Furthermore, in countries like Brazil and
USA, the ethanol production and distribution infrastructure are
well established.

Ethanol can be directly fed into the anode of solid oxide fuel
cells (Direct Internal Reforming Solid Oxide Fuel Cells; DIR-SOFC)
and reformed to H, and CO without the use of an external reformer,
which reduces the complexity and cost of the fuel cell systems.
Moreover, the H, produced at the anode side through ethanol
reforming is consumed by the fuel cell electrochemical reaction,
promoting the ethanol conversion and leading to high efficiency
[1-3]. Therefore, in order to obtain good DIR-SOFC performance,
anodes must have high electronic and ionic conductivity, high cat-
alytic activity and stability in the operating conditions.
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Anodes for SOFC systems are usually based on Ni/yttria-
stabilized zirconia (YSZ) cermets [4-7]|. When Ni/YSZ anodes
operate directly with pure (dry) hydrocarbons or ethanol, a signif-
icant carbon deposition has been detected [8]. However, there are
only few studies on pure bio-ethanol [8-18] or bio-ethanol/water
mixture [19-26] fueled SOFC, and stability tests are rarely found.

Therefore, the major challenge of the DIR-SOFC is the develop-
ment of an anode that is resistant to carbon deposition under SOFC
operation conditions [8].

The traditional SOFC anode contains a high Ni content (at least
30vol.%) in order to obtain high electronic conductivity. The high
Ni loading as well as the high temperature required for sinter-
ing the ceramic components (electrodes and electrolyte) during
the fabrication of SOFC leads to relatively large NiO particle size.
Moreover, NiO has a less refractory character and exhibits faster
mobility/coarsening than YSZ (and ceria) at high temperature. Such
a behavior is more pronounced after reduction, when metallic Ni
particles tend to sinter at relatively low temperatures. The rela-
tively large Ni particles favor carbon formation, when hydrocarbons
or bio-ethanol are used directly as a fuel in SOFC. The formation of
carbon over metallic particles during steam reforming of ethanol
reaction is significantly affected by the crystallite size of metal-
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lic particles [8,27]. Silva et al. [27] reported that the deactivation
rate decreased with decreasing Co particle size. This was due to
the lower amount of carbon deposition over the smallest Co parti-
cles. They demonstrated that the small metallic particles contained
a lower fraction of exposed terraces atoms, which are responsible
for the initiation of carbon deposition.

One strategy to avoid carbon deposition is to reduce the Ni con-
tent of anodes. Decreasing Ni content increases metal dispersion,
which reduces the formation of carbon, improving the performance
of SOFC [28,29]. However, the use of conventional technology to
prepare anodes with metal content below 30 vol.% did not pro-
vide materials with appropriate conductivity to SOFC applications
[30]. Therefore, the use of alternative methods to prepare Ni based
anodes with high activity, high stability, high conductivity, and low
metal content has been proposed [29,30]

Jasinski et al. [30] prepared Ni/Sm-doped ceria cermets (with Ni
content below 15vol.%) by a net-shape procedure. Electrical mea-
surements revealed that the cermet with 7.5 vol.% exhibited a much
higher conductivity (10S/cm) than the cermet prepared by con-
ventional techniques (0.1 S/cm). For the anode with 14vol.%, the
conductivity (200S/cm) was like that observed for a cermet with
35vol.% Ni prepared by a conventional technique. The high dis-
persion and low sintering temperatures of net-shape technique
preserved high surface area and nanocrystalline size of Ni parti-
cles. Such features promoted a stable framework of well-connected
Ni particles, which percolate at volume fractions below the ones
expected for classical percolation theory (~30 vol.%). Therefore, the
microstructural properties of the cermets resulted in high electrical
conductivity at relatively low volume fraction of Ni (<30 vol.% Ni),
as compared to traditional methods. Moreover, the low Ni loading
also reduced the volume change during reduction and oxidation of
the anode.

The use of hydrothermal method to prepared Ni- based anodes
with low metal contents (5wt.% Ni and 5wt.% Ru) inhibited the
formation of carbon during oxidative steam reforming (OSR) of
propane under SOFC operation conditions [29].

In order to suppress carbon formation and improve the electri-
cal conductivity, some authors [10,11,31] have also proposed the
use of redox supports in the composition of SOFC anodes, such as
ceria based oxide. In this case, authors claim that the high oxy-
gen mobility of ceria supports promotes the mechanism of carbon
removal, which in turn should contribute to the stability of the cat-
alysts on ethanol conversion reactions [32]. Furthermore, doping
with cations such as Gd3*, Y3*, Pr3* and Zr** enhances the mobility
of oxygen in ceria and then, increases the oxygen storage capacity
(0OSC) of the support [33].

Nobrega et al. [13] reported a stable operation of a single
SOFC containing an Ir/gadolinium-doped ceria (GDC) catalytic layer
under pure ethanol for 150 h. Augusto et al. [15] studied the perfor-
mance of Ni/GDC both as the anode current collector layer and as a
catalytic layer in a single SOFC operating directly on pure ethanol.
Carbon deposition was not detected in single cells with Ni/GDC
catalytic layer after 50 h of continuous operation under direct (dry)
ethanol. This result was attributed to the catalytic properties of
the Ni/GDC layer and the operation mechanism of gradual internal
reforming, in which the oxidation of hydrogen provides the steam
for ethanol reforming, thus avoiding carbon deposition.

The addition of dopants to ceria, such as Gd, Zr, Pr, Y, also
improves the ionic and electronic conductivity of ceria [34-36]. The
use of Nb as a dopant also increases the electronic conductivity of
cerium oxide.

However, most of the studies investigated the performance of
Gd-doped ceria based catalysts for the ethanol conversion reac-
tions. There is no systematic study about the effect of the type
of ceria dopant on the performance of Ni supported catalysts for
ethanol conversion reactions.

Therefore, the aim of this study is to investigate the effect of
the type of ceria dopant on the catalytic performance of Ni/CeO,
under operating conditions of a SOFC anode for ethanol internal
reforming (1123 K). The hydrothermal method was used to prepare
the Ni/dopant-CeO, (dopant=Gd, Zr, Pr, Y, Nb) SOFC anodes with
18 wt.% Ni. The oxygen mobility and the reducibility of the sam-
ples were obtained by temperature-programmed reduction (TPR)
and isotopic exchange of 180, with 160,. In situ X-ray diffraction
analyses (XRD) were performed to follow the changes on catalyst
structure during the reduction and ethanol decomposition (ED)
reaction, which might shed light on the mechanism of catalyst deac-
tivation. In addition, the amount and the nature of carbon formed
during ethanol decomposition was determined by thermogravi-
metric analysis (TG) and scanning electron microscopy (SEM).

2. Experimental
2.1. Catalyst preparation

Doped-ceria support was obtained by a hydrothermal method
previously described [15]. An aqueous solution containing cerium
(IV) ammonium nitrate and the dopant precursor salts (nitrate of
gadolinium, yttrium, praseodymium and zirconium; ammonium
niobium oxalate) was prepared with a Ce/dopant molar ratio of
9/1. Then, cerium and the dopant hydroxides were co-precipitated
through the addition of an excess of ammonium hydroxide. The
precipitate was transferred to an autoclave and it was heated to
453 K for 4 h. Then, the precipitate was washed with distilled water
and calcined at 573K for 2 h in a muffle furnace. Ni was added to
doped-ceria support by wet impregnation using an aqueous solu-
tion of Ni(NO3 ),-6H,0 to obtain 18 wt.% of Ni. After impregnation,
the sample was dried at 393 K and calcined under air (50 mL/min)
at 1073 K according to the following temperature program: (i) from
room temperature to 673 K at 0.5 K/min; (ii) from 673 to 1073 K at
2 K/min and (iii) remained at final temperature for 5 h. The follow-
ing samples were synthesized: Ni/CeO,; Ni/CeGd; Ni/CeY; Ni/CePr;
Ni/CeZr; Ni/CeNb.

A NiNb,0g/Ce0O, sample was prepared according to the proce-
dure previously described in the literature [37], by conventional
wet impregnation of the CeO, support (prepared as mentioned
above) with an aqueous solution containing Ni(NO3)-6H,0 and
ammonium niobium oxalate (CBMM) in a rotary evaporator. The
solution was heated at 343 Kunder continuous stirring for 1 h. Then,
the solvent was removed by evaporation under reduced pressure
at 363K, and the resulting solid was dried overnight at 393 K and
calcined in synthetic air at 1073 K and 1273 K for 5 h.

2.2. BET surface area

The BET surface area of the samples was measured using a
Micromeritics ASAP 2020 analyzer by nitrogen adsorption at the
boiling temperature of liquid nitrogen.

2.3. 180,/160, isotopic exchange

Oxygen Isotopic Exchange (OIE) reaction experiments were car-
ried out in a closed recycling system connected to a Pfeiffer Vacuum
quadrupole mass spectrometer and a vacuum pump, as described
elsewhere [38]. The samples (c.a. 20 mg) were placed into a quartz
U-form reactor and pre-treated prior to the experiment: the sam-
ples were oxidized under pure 160, flow (20 mL/min, 973K, 1h)
and evacuated for 1 h. A treatment under pure H, at 973 K was car-
ried out to study the behavior of the reduced samples. After the
pre-treatment, samples were cooled down to the reaction temper-
ature.
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Fig. 1. X-ray diffraction patterns obtained for (a) calcined supports (b) calcined
samples. (—) CeO;; (® ) NiO.

For the Isothermal Oxygen Isotopic Exchange (IOIE) experi-
ments, the temperatures of reaction were 780 and 878 K. A pressure
of 55mbar of pure 80, (>99at.%, ISOTEC) was introduced and
stayed nearly constant during the whole experiment. The evolution
of each isotopomer concentration was analyzed by monitoring the
following m/z signals: 32 (160,), 34 (180160), 36 (80, ). The signals
corresponding to m/z=44, 46, 48, 28 were also recorded to verify
the absence of carbon dioxide and air in the system.

For the Temperature-Programmed Oxygen Isotopic Exchange
(TPOIE) experiments, pure 180, was injected at 473 K and the sam-
ple was heated at 2 K/min up to 973 K.

The calculations of the exchange rate, Re (for isothermal exper-
iment), and the number of oxygen exchange (N.) were calculated
from the variation in partial pressures as described in a previous
work [39].

2.4. In situ X-ray diffraction (XRD)

In situ XRD was carried out at the XPD-10B beamline of the
Brazilian Synchrotron Light Laboratory (LNLS). The samples were
first crushed and homogeneously distributed over the support. The
samples were heated in a furnace installed into a Huber goniometer
operating in Bragg-Brentano geometry (6 — 26). The XRD patterns
were obtained by a Mythen - 1K detector (Dectris) located 1m
from the furnace, in two different conditions: a) 20 interval from

20° to 85°, b) 20 interval from 20° to 55°, with a step size of 0.003°
and a counting time of 1 s. The wavelength used was 1.55002 A.
Measurements were made while the sample underwent the fol-
lowing treatments: (i) Reduction under a 5% H,/He mixture from
298 to 1123 K at a heating of 10 K/min, remaining at this tempera-
ture for 1 h. After reduction, the sample was purged with helium at
the same temperature for 30 min (ii) Ethanol decomposition (ED)
under reaction mixture containing 98% He, 2% ethanol at 1123 K for
1 h. The average crystallite size of CeO,, NiO and metallic Ni under
different treatments was calculated using the Scherrer equation.

2.5. Temperature programmed reduction (TPR)

Prior to the TPR experiment, the sample was pre-treated at 673 K
for 1 h under a flow of synthetic air to remove traces of water. The
reducing mixture (1.5% hydrogen in argon) was flowed through the
sample (300 mg) at a flow rate of 30 mL/min and the temperature
was increased to 1273 K at a heating rate of 10 K/min.

2.6. Thermogravimetric analysis (TG)

Temperature programmed oxidation (TPO) experiments were
performed using a Shimadzu (TG - 60) equipment to determine
the amount of carbon formed over the used catalyst. The analysis
was carried out after ED reaction at 1123 K. Approximately 10 mg
of spent catalyst was heated under air flow from room temperature
to 1273 K at a heating rate of 20 K/min and the weight change was
measured.

2.7. Scanning electron microscopy (SEM)

SEM analyses of the spent catalysts were carried out using a FEI
Inspect S scanning electron microscope equipped with a secondary
electron analyzer. The microscope was also equipped with an EDAX
analytic system energy dispersive spectrometer (EDS). The samples
were reduced following the same conditions previously described
in XRD section.

2.8. Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) analyses were per-
formed for both as-prepared and reduced Ni/CeGd and Ni/CeNb
catalysts. Images were acquired using a 200kV JEOL microscope,
model JEM-2100. Energy dispersive X-ray analysis was performed
for local chemical analysis (in TEM mode). For some samples, map-
ping was performed in High Angle Annular Dark Field (HAAF)
Scanning Transmission Electron Microscopy (STEM) mode. Samples
were prepared by dispersing the powder with isopropanol onto the
surface of the Cu sample holder for TEM analyses.

2.9. Reaction conditions

Ethanol decomposition (ED) reaction was performed using a
fixed-bed reactor at atmospheric pressure for all catalysts stud-
ied. Prior to reaction, samples were reduced under pure hydrogen
(30mL/min) at 1023K for 1h and then purged under N, at the
same temperature for 30 min. All reactions were carried out at
1123 K, which is the typical reaction temperature for the inter-
nal reforming over SOFC anodes. For ED, N, (30 mL/min) was
passed through the saturator containing ethanol, and then the
reactant mixture obtained was diluted with N, (each N, stream
flowed at 30 mL/min). The partial pressure of ethanol was main-
tained constant for all experiments. In order to observe the catalyst
deactivation within a short timeframe, a small amount of cata-
lyst was used (20mg). The samples were diluted with SiC (SiC
mass/catalyst mass=3.0). The reaction products were analyzed by
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Fig. 2. X-ray diffraction patterns obtained for Ni/CeO, (a) during reduction from
room temperature to 1123 K; (b) selected temperatures (orange curves). (M ) CeOa;
(® ) NiO; (@) Ni. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

gas chromatography (Micro GC Agilent 3000 A) containing three
channels with three thermal conductivity detectors (TCD) and three
columns: a molecular sieve, a Poraplot Q and OV-1 column. The
ethanol conversion (Xethanot) @and product distribution (Sx) were
determined as follows:

n —n i
( ethanol)fed ( ethanol)exzr « 100 (1)

Xethanol =
(Nethanot )fed

n
Sy = ( X)produced % 100 (2)

(Neotal )produced

where (Nx)produced =moles of x produced (x=hydrogen, CO, CO,
methane, acetaldehyde or ethylene) and (notat)produced =Mmoles of
H, + moles of CO+moles of CO,+moles of methane+moles of
acetaldehyde + moles of ethylene (i.e., the moles of water produced
are not included).

Table 1
BET surface area of supports and catalysts.

Sample Surface Area (m?/g)
Ni/CeO, 15 (<10)?

Ni/CeGd 15(12)

Ni/CeY 14 (<10)

Ni/CePr 11(18)

Ni/CeZr 24 (39)

Ni/CeNb 16 (23)

2 Thevalues in the parenthesis corresponds to the BET surface area of the supports.

Table 2
Lattice parameter of CeO, for all catalysts under different conditions.

Sample Lattice parameter (A)
Calcined Reduced Reduced
1023K 1123K
Ni/CeO, 5.4054 (5.4033)% 5.4485 5.4654
Ni/CeGd 5.4074 (5.4192)* 5.4495 5.4595
Ni/CeY 5.4068 (5.4056)° 5.4504 5.4654
Ni/CePr 5.4072 (5.4064)* 5.4997 5.5112
Ni/CeZr 5.3870 (5.3827)* 5.4527 5.4720
Ni/CeNb 5.4064 (5.4051)* 5.4545 5.4748

2 The values in the parenthesis corresponds to the lattice parameter of the sup-
ports.

3. Results and discussion
3.1. Catalyst characterization

Table 1 shows the BET surface area obtained for all supports
and catalysts. The BET surface area was low for all materials due
to the relatively high calcination temperature required for SOFC
processing. Augusto et al. [15] also obtained a low BET area (8 m2/g)
for a Ni/CeGd sample prepared by the method used in this work.

Adding Nb, Zr or Pr to CeO,, increased the surface area of the sup-
ports Such an increase was more significant for the sample doped
with Zr. Several authors [40-42] obtained similar results for Zr-
doped CeO,. The presence of Zr increases the thermal stability of
CeO,, inhibiting particle coarsening [33,40]. The same results were
reported in the literature for the addition of Nb and Pr to CeO,
prepared by the precipitation method [43-45]. On the other hand,
no significant change in surface area was observed for CeO, doped
with Gd or Y. The impregnation of NiO increased the specific sur-
face area with respect to the ones measured for ceria supports for
Ni/CeO,, Ni/CeGd and Ni/CeY. On the other hand, the surface area
of NiO/doped-ceria samples decreased for the remaining dopants
(Pr, Zr, and Nb). All catalysts exhibited comparable surface area
(~15m?2/g), except for Ni/CeZr, which maintained a higher value
(~24mZ2/g) after the impregnation of NiO.

Fig. 1a shows the XRD patterns of different ceria-based calcined
supports (CeO,, CeGd, CeY, CePr, CeNb and CeZr). The diffrac-
tograms of all samples exhibited the lines corresponding to CeO,
with cubic structure (ICSD 34-394). However, as compared to the
pattern of CeO,, shifts of the diffraction lines to lower 26 positions
were observed for CeGd, CeY, CePr, and CeNb, while for CeZr sam-
ple the diffraction lines were shifted to higher 20 values. The lattice
constant (a) of CeO, was calculated from the (111) reflections and
listed in Table 2. The calculated value for CeO, is close to the nomi-
nal one [46] and the observed variation upon doping with different
cations is consistent with the ionic radius of the dopant. Doping
ceria with Gd3*, Y3*, and Pr3*/4* increased the lattice constant,
whereas the addition of Zr** decreased the lattice parameter. The
results obtained agree with data reported in the literature [46-48].
Thus, the calculated lattice constants suggest the formation of solid
solutions during calcination of the samples: Ceg 9Gdg.101.95 (JCPDS
75-0161 ), CEO.gYo'l 01'95 (_]CPDS 01-075-01 74), Ceo‘gl’ro.l 0]'95 (]CSD
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Table 3

Crystallite size of CeO, calculated through X-ray diffraction patterns obtained for
calcined samples, during reduction under H; at different temperatures and under
reaction conditions.

Samples dCeO; (nm)
Calcined Reduced Reduced Reaction
1023K 1123K 1123K
Ni/CeO, 25 26 53 53
Ni/CeGd 30 33 61 69
Ni/CeY 25 25 31 29
Ni/CePr 15 20 47 54
Ni/CeZr 10 11 14 16
Ni/CeNb 21 21 23 22
Table 4

Crystallite size of NiO and Ni® calculated through X-ray diffraction patterns obtained
for calcined samples, during reduction under H, at different temperatures and under
reaction conditions.

Samples dyjo (nm) dy; (nm)

Calcined Reduced Reduced Reduced Reaction
813K 1023K 1123K 1123K
Ni/CeO, 50 25 67 99 84
Ni/CeGd 47 45 91 133 143
Ni/CeY 33 27 48 71 80
Ni/CePr 29 21 39 63 74
Ni/CeZr 28 23 33 43 46
Ni/CeNb 56 57 100 124 124

182184) and Cegg9Zrg101.95 (ICSD 152478). A notable exception
is CeNb. Nb#* (coordination number 8) has a much smaller ionic
radius (0.79A) as compared to the other dopants and the host
cation Ce** (ionic radius 0.97 A) that is likely to result in large lat-
tice distortions and, thus, a lower solid solution range. Indeed, as
the niobium content used (5.2 wt.%) is higher than the solubility
limit of Nbin CeO; (1.4 wt.%) [49], secondary phases such as Nb,Os,
and CeNbO4 5 might be formed. However, niobia-rich secondary
phases were not detected in the XRD analyses, which is probably
because they have high dispersion and low relative volume fraction.

Fig. 1b shows the XRD patterns of the Ni/CeO, Ni/CeGd, Ni/CeY,
Ni/CePr Ni/CeZr and Ni/CeNDb calcined samples. The diffractograms
of all catalysts exhibited the lines corresponding to the cubic struc-
ture of CeO, (ICSD 34-394) and NiO (JCPDS 24018). However, only
a slight shift of the CeO, diffraction lines was observed for Ni/CeGd,
Ni/CeY, Ni/CePr, Ni/CeZr and Ni/CeNb due to the formation of the
solid solution. For the catalysts, the lattice parameters presented in
Table 2 show the same trend observed for the supports. However,
the variation in the lattice parameter of CeO, caused by the addition
of dopant was less significant for the NiO/doped-ceria in compari-
son to the support. This might be due to the migration of Ni2* into
the ceria lattice and the formation of Ce;_xNixO;., mixed-oxides
during calcination [50]. XPS analysis of Ni deposited on a clean CeO,
(111) surface detected the formation of a Ce_xNixO;.y mixed metal
oxide upon annealing at high temperatures [51]. However, the limit
of solubility of Ni in the structure of ceria is low (10-12%) [52]. The
insertion of Ni into ceria lattice induces a contraction in the lattice
parameter [52], which compensates the variation in the opposite
direction caused by the addition of the dopant, resulting in a smaller
change in the lattice parameter of the catalysts.

Tables 3 and 4 list the crystallite sizes of CeO, and NiO calcu-
lated using the Scherrer equation and the CeO, (111) and NiO (200)
diffraction lines, respectively, for calcined samples. The addition of
Pr and Zr led to a decrease in the CeO, crystallite size, similarly to
previous data for Ce0,-ZrO, systems [40-42]. The reduction in the
CeO, crystallite size is attributed to an increase in the crystallo-
graphic disorder in the compounds due to the incorporation of the
dopant in the CeO, structure [53,54]. The crystallite size depen-

dence on the dopant (Table 3) are in perfect agreement with the
BET surface area data (Table 1) and probably reflect variations of
the average particle size of the supports.

Calculated crystallite sizes for NiO (Table 4) are larger than that
of ceria supports (Table 3). The smallest crystallite sizes of NiO was
observed for Ni/CeZr sample. This result is likely due to the higher
ceria surface area (CeZr), which led to the formation of more dis-
persed NiO particles during the calcination step. In the case of the
Ni/CeNb, the addition of niobium to ceria did not decrease the NiO
crystallite size. Heracleous et al. [54] studied the effect of Nb/Ni
molar ratio in the NiO crystallite size obtained for Ni-Nb-O mixed-
oxide catalysts. It was observed that the addition of Nb led to a
contraction of the NiO lattice and a reduction of NiO crystallite size
up to a Ni/Nb ratio of 0.176. In our work, the lattice parameter of
NiO for the sample Ni/CeO, was 4.1750A, while for the sample
Ni/CeNb the value was 4.1747 A, which indicates that niobium was
not incorporated into the nickel oxide lattice.

In situ X-ray diffraction patterns obtained during reduction for
Ni/CeO,, Ni/CeGd and Ni/CeNb samples are shown in Figs. 2 a, 3 a
and 4 a . The changes in the diffractograms during reduction can be
followed in more detail in Figs. 2 b, 3 b and 4 b. The diffractograms
of other ceria-doped samples are presented in the supplementary
information (Figs. S1-S3 in the online version at DOI: http://dx.doi.
org/10.1016/j.apcatb.2017.01.069). For Ni/CeO,, when the sample
was heated from room temperature to 636 K, the CeO, diffraction
lines shifted to lower 20 positions. This result is related to the lat-
tice expansion with increasing temperature as it has been reported
in the literature [55,56]. However, the lines corresponding to NiO
were still observed up to 636 K. Further increase in the tempera-
ture to 811K led to the progressive disappearance of the lines of
NiO phase, along with the appearance of the characteristic lines of
Ni®. This result indicates that NiO was completely reduced to Ni®
at 811K. It is also noticed that the CeO, lines significantly shifted
to lower 20 positions as temperature increased up to 1123 K. This
result could be attributed to the partial reduction of CeO, to CeOx
promoted by the metallic Ni particles produced and the formation
of Ce3* and oxygen vacancies. Since the ionic radius of Ce3* (1.14A)
is higher than that of Ce** (0.97 A), the shift observed in the lines
of ceria can be related to this variation in ionic radius and the ther-
mal expansion. In addition, the shift in the ceria lines could also
be due to the reduction of the Ce;_xNixO,.y mixed-oxides. Accord-
ing to Barrio et al. [52], the reduction of Ce1_xNixO,.y mixed-oxides
involves the reduction of Ce** species to Ce3* as well as Ni® for-
mation. The creation of oxygen vacancies and Ce3* species results
in an expansion of the lattice. Xu et al. [56] also observed a non-
thermal expansion of the ceria lattice when NiO was reduced during
the in situ XRD of a Ni/CeO, catalyst. This lattice expansion was
attributed to the partial reduction of Ce3* to Ce** with removal of
oxygen atoms from the ceria lattice.

In the case of the ceria-doped samples, the diffrac-
tograms obtained during reduction exhibited similar behavior.
However, comparing the XRD patterns of the ceria-doped
samples with those obtained for Ni/CeO,, it was observed
that the shift of the ceria lines to lower 28 positions was
more pronounced for the samples containing the dopants
Zr, Pr and Nb. This shift increased in the following order:
Ni/CeGd < Ni/CeY <Ni/CeO, <Ni/CeNb <Ni/CeZr<Ni/CePr. =~ These
results indicate that the addition of Nb, Zr and Pr improved the
reducibility of CeO,, a feature more pronounced for Ni/CePr.
Mogensen et al. [57] compared the expansion of the lattice param-
eter of both ceria and Gd-doped ceria during reduction at 1273 K.
It was noticed that Gd-doped ceria exhibited lower expansion
of the lattice parameter than ceria, in good agreement with the
present results. The calculated lattice parameters of samples after
the reduction at 1023 K and 1123 K are reported in Table 2. For all
samples, the lattice parameter expanded during reduction due to
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Fig. 3. X-ray diffraction patterns obtained for Ni/CeGd (a) during reduction from
room temperature to 1123 (orange curves) K; (b) (orange curves) selected tem-
peratures (orange curves). (M ) CeO,;(® ) NiO; (®) Ni.. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)

the formation of Ce*3, but such expansion is less pronounced for
the Gd and Y doped ceria, in good agreement with the literature.
The concentration of Ce*3 formed during reduction (extent of
reduction) was calculated taking in account the lattice parameter
measured after reduction at 1273K and using the procedure
proposed by Bonk et al. [46]. The results obtained followed the
order: Ni/CeGd (6.54%)<Ni/CeY (6.8%)~ Ni/CeO, (6.8%)<Ni/CeZr
(7.1%)<Ni/CeNb (7.2%) < Ni/CePr (8.8%).

The temperature corresponding to the complete reduction of
NiO to Ni% varied depending on the type of the dopant: Ni/CeO,
(811K), Ni/CeGd (818K), Ni/CeY (772K), Ni/CePr (723 K), Ni/CeZr
(823 K) and Ni/CeNb (993 K). The addition of Y and Pr improved
the reducibility of NiO whereas the reduction temperature of NiO
to Ni° was higher for Ni/CeNb, indicating that the presence of Nb
decreased the NiO reducibility. This result suggests that the forma-
tion of a Ni-Nb solid solution may be ruled out, since the insertion
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Fig. 4. X-ray diffraction patterns obtained for Ni/CeNb (a) during reduction from
room temperature to 1123K; (b) selected temperatures (orange curves). (M )
Ce0O,;(® ) NiO; (@) Ni. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

of Nb into the NiO structure would weaken the Ni—O—Ni bonds,
leading to NiO reduction at lower temperatures [54]|. However, the
partial coverage of the surface of NiO particles by partially reduced
niobium oxides could hinder NiO reduction, increasing the reduc-
tion temperature [53].

The average crystallite sizes of CeO, and Ni® obtained dur-
ing reduction under H, at different temperatures are shown in
Tables 3 and 4. Increasing the reduction temperature to 1023 K
slightly increased the CeO, crystallite size for all samples (Table 3).
However, further increase in the temperature to 1123 K produced
a significant growth of the CeO,, crystallite size for Ni/CeO,, Ni/CeY,
Ni/CePr and, more markedly, Gd-doped catalyst. However, no sig-
nificant changes in CeO, crystallite size were detected for the
sample containing Nb.

The increase in the reduction temperature significantly
increased the Ni® crystallite size for all catalysts (Table 4). After
reduction at 1123 K, large metallic Ni crystallites (43-133 nm) were
obtained for all samples. The largest metallic Ni crystallite size was
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mapping.



A.AA. da Silva et al. / Applied Catalysis B: Environmental 206 (2017) 626-641 633

Table 5

Amount of H, consumed and reduction degree of the supports and NiO obtained during TPR analyses.

Sample Low temperature region High temperature region Reduction degree(%)

(600-900K) (900-1273K)

pmol/geat pmol/geat
CeO, 0 39 18°
CeGd 1 37 20°
CeY 5 59 332
CePr 38 57 572
CeZr 36 60 567
CeNb 12 68 447
Ni/CeO, 312 37 117°
Ni/CeGd 240 58 1120
Ni/CeY 225 10 104>
Ni/CePr 290 49 157°
Ni/CeZr 280 45 149°
Ni/CeNb 110 64 46"

2 Reduction degree of CeO,, calculated using the total amount of H, consumed.

b Reduction degree of NiO, calculated using the amount of H, consumed at low temperature region.

observed for Ni/CeGd, while Ni/CeZr exhibited the smallest Ni crys-
tallite size.

The TEM images of the calcined and reduced Ni/CeGd and
Ni/CeNb catalysts are shown in Figs. 5 and 6. The combined TEM and
EDS analyses reveal that large NiO and Ni® particles are surrounded
by smaller ceria particles, in good agreement with the crystallite
size calculated by XRD.

The TPR profile of ceria-based supports is displayed as supple-
mentary data (Fig. S4 in the online version at DOI: http://dx.doi.
org/10.1016/j.apcatb.2017.01.069). The reduction profile showed a
peak at around 1160K for all supports. CeO,, CeGd and CeZr also
exhibited a small H, consumption between 600 and 900 K. Two
peaks at 805 and 855 Kwere also observed in the TPR profile of CePr.
For CeNb, a small H, uptake was detected between 950 and 1050 K,
and possibly associated with segregated Nb-rich phases. According
to the literature [58,59], the TPR profile of CeO, generally exhibits
two peaks. The first one at around 820K is attributed to the surface
reduction of Ce0O,, and the second one at 1220K is related to the
reduction of bulk ceria and the formation of Ce,03. When a dopant
such as Zr was added to ceria structure, it was noticed an increase
in the Hy consumption at lower temperatures. This indicates that
the dopant promotes the reduction of ceria due to an increase in
oxygen mobility induced by the solid solution formation.

Therefore, in the present study, the H, uptake at low tempera-
tures (600-900 K) was attributed to the surface reduction of CeO,
and the peaks at higher temperatures (>900 K) were associated with
the reduction of bulk ceria. In the case of CeNb, the H, consumption
observed at 950 and 1050 K could also be ascribed to the reduction
of the niobium oxide or cerium niobate [60].

A comparison between the H, consumption obtained for all sup-
ports showed that CePr and CeZr exhibited the highest reduction
degree (Table 5). These results indicated that these samples showed
the highest reducibility.

The TPR profile of Ni/CeO,, Ni/CeGd, Ni/CeY, Ni/CePr and Ni/CeZr
samples and the reference (NiO) were very similar (Fig. 7), show-
ing a reduction peak at 700-755K and a shoulder at 760-890 K.
Comparing these results with the corresponding in situ X-rays
diffractograms, the H, consumption between 700 and 890 K could
be assigned to the reduction of NiO to Ni°.

Roh et al. [61] and Augusto et al. [15] reported similar TPR pro-
files for bulk NiO and Ni supported on ceria-based oxides. According
to these previous results, there is no strong interaction between
NiO and CeO, due to the large crystallite sizes of both support and
NiO phases formed at high calcination temperatures. Therefore, the
TPR profiles obtained in this work suggest the formation of large
NiO particles for Ni/CeO,, Ni/CeGd, Ni/CeY, Ni/CePr and Ni/CeZr
catalysts, which agrees with both XRD and TEM results.
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Fig. 7. TPR profiles of calcined samples.

For Ni/CeO;, Ni/CeGd, Ni/CeY, Ni/CePr and Ni/CeZr, the reduction
degree of NiO was higher than 100% (Table 5). This effect was more
significant for the samples containing Pr and Zr. Therefore, the H,
consumption at low temperature region (600-900 K) observed for
these catalysts could be associated with the reduction of bulk NiO
as well as to the promoted reduction of CeO, by the metallic nickel
particles formed. According to the literature [33,62] this promoting
effect is due to the hydrogen spillover from the metal particles onto
the support.

The TPR profile of Ni/CeNb catalyst is completely different from
the ones obtained for the other catalysts. There are two small reduc-
tion peaks at 749 and 1025K. Furthermore, the reduction degree
of NiO for this sample was lower than 100% (46%). The first peak
could be attributed to the NiO reduction and the second one could
be related to the reduction of Ni species in interaction with the
support. Comparing the TPR profile of Ni/CeNb with the one char-
acteristic of bulk NiO shows that the addition of Nb did not promote
the reduction of NiO particles. These results agree very well with
the in situ XRD analyses and indicate that a Ni-Nb solid solution
was not formed in significant extent on Ni/CeNb catalyst. The lower
reducibility of Ni/CeNb sample has been attributed to the formation
of a crystalline NiNb, Og phase that is reduced at high temperature
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region (T>773K) in TPR analyses [49,53]. Therefore, in our work, 3.2. Reactions

the H, consumption at 1025K is likely due to the reduction of a

nickel niobate phase, which was not detected in the XRD analyses 3.2.1. EDat 1123K

due to its low concentration. Fig. 8 shows the ethanol conversion and product distributions
as a function of time on stream (TOS) for ED at 1123 K over all cata-
lysts and, as a reference, without catalyst. For the reaction without
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catalyst, the initial conversion of ethanol was 100% and remained
constant during reaction. The products observed were H,, CO, CHy
and ethylene. The reaction in the presence of the catalysts showed
the formation of the same products but the selectivities to prod-
ucts were quite different from those obtained without catalyst. For
instance, the initial selectivity to H, varied from 55 to 70% depend-
ing on the catalyst whereas it was only 35% for the reaction in gas
phase. The same was observed for the initial selectivity to ethy-
lene, which was zero for all catalysts and 15% for the reaction in
gas phase. The deactivation of the catalysts led to a decrease in
the selectivity to Hy whereas the selectivity to ethylene increased.
These results demonstrate that the reaction on the surface of the
catalysts is the dominant reaction pathway. According to the pre-
viously proposed mechanism for the ethanol conversion reactions
[32], ethanol is firstly dehydrogenated to acetaldehyde and H,.
Acetaldehyde can desorb in the gas phase and/or be decomposed in
CH4 and CO. Acetaldehyde can also react with hydroxyl groups to
form the products of steam reforming of ethanol, H, and CO,. Addi-
tionally, ethanol dehydration on the support may produce ethylene.
In this study, the products formed indicate the occurrence of both
decomposition and dehydration of ethanol reactions.

The formation of H, significantly decreased during the first
hours of reaction, reaching values around 40-45% after 28 h of TOS
for all catalysts. The decrease in H, production was followed by
an increase in CO, CH4 and ethylene formation. After 28 h of TOS,
the selectivities to CO, CH4 and ethylene were around 30, 20 and
5-10%, respectively, regardless of catalyst composition.

Augusto et al. [15,31] reported the same result for ED over
Ni/CeGd catalyst. The characterization of used catalysts by SEM and
TG analyses revealed the formation of carbon on the catalyst, which
was responsible for catalyst deactivation.

For catalysts working on SOFC operating conditions (high
reaction temperatures), carbon formation is a critical issue.
Laosiripojana and Assabumrungrat [1] studied the performance of
39 wt.% Ni/YSZ as anode for bio-ethanol fueled SOFC. Large amounts
of carbon deposits were formed during SR of ethanol in the temper-
aturerange of 1173-1273 K. Carbon formation was attributed to the
decomposition of hydrocarbons (methane, ethane and ethylene) as
well as the Boudouard reaction.

In the present study, in situ XRD under reaction conditions, SEM
and TG analyses of the used catalysts were carried out to investigate
possible causes for catalyst deactivation during ED at 1123 K and
the results will be discussed in the next section.

3.3. Catalyst deactivation

Figs. 9-11 show the in situ XRD patterns obtained dur-
ing ED at 1123K over Ni/CeO,, Ni/CeGd and Ni/CeNb catalysts.
The diffractograms of the other ceria-doped samples are pre-
sented in the supplementary information (Figs. S5-S7 in the
online version at DOI: http://dx.doi.org/10.1016/j.apcatb.2017.01.
069). The diffractograms of all catalysts reduced at 1123 K under
H, for 30min exhibited the lines of partially reduced ceria
(CeOx) and Ni°. After 3min of reaction, the lines correspond-
ing to CeOx remained unchanged for all catalysts. After this
period, no significant changes were detected in the CeOx lines
for Ni/CeO;. On the other hand, for ceria-doped catalysts, the
diffraction lines of CeOx phase significantly shifted to lower 260
position during the reaction. This shift increased in the following
order: Ni/CeNb<Ni/CeZr<Ni/CeGd <Ni/CePr<Ni/CeY. This result
indicates that both ceria and Ce;_4xNixO,_y mixed-oxides were fur-
ther reduced by H, and CO produced during the reaction, and
oxygen vacancies were created, mainly for samples containing Y
and Pr. Furthermore, the lines of NiO were not detected during
the reaction, indicating that there was no oxidation of Ni® crys-
tallites. Table 6 presents the lattice parameter during the reaction.
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Fig.9. X-ray diffraction patterns obtained for Ni/CeO (orange curves), during (a) ED
reaction during 1 h TOS at 1123 K (b) (orange curves) selected times (orange curves).
(—) CeOx;(®) Ni. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Table 6
Lattice parameter of CeO, during reaction at different TOS.

Sample Lattice parameter (A)

3 min 15 min 30min 60 min

reaction reaction reaction reaction
Ni/CeO; 5.4622 5.4630 5.4637 5.4711
Ni/CeGd 5.4566 5.4870 5.5075 5.5233
Ni/CeY 5.4603 5.5116 5.5164 5.5466
Ni/CePr 5.5100 5.5327 5.5465 5.5922
Ni/CeZr 5.4641 5.4955 5.5098 5.5254
Ni/CeNb 5.4717 5.4836 5.4902 5.4936

All samples showed a continuous expansion of the lattice parame-
ter with increasing reaction time due the reduction of Ce** to Ce*3
as previously discussed.

A comparison between the samples reduced at 1123 K and
after reaction showed a slight increase in CeO, crystallite sizes for
Ni/CeGd and Ni/CePr during 1h of TOS (Table 3). However, CeO,
crystallite sizes remained unchanged for the other samples. Fur-
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thermore, the Ni® crystallite sizes slightly increased during the
reaction, except for Ni/CeO, and Ni/CeNb (Table 4).

SEM micrographs of the Ni-based catalysts after ED at 1123 Kare
shown in Fig. 12. Carbon filaments were observed for all catalysts.
Ni/CeZr and Ni/CeGd samples showed the highest amount of carbon
filaments.

The TPO profiles of used Ni-based catalysts after ED at 1123 K
are shown in Fig. 13. All catalysts exhibited only one peak at around
910-923 K, except for Ni/CeGd that showed a pronounced peak at
895K and a shoulder at 923 K. TPO experiments have been exten-
sively used to study the nature of the carbonaceous deposits and the
amount of carbon formed over supported Ni catalysts after ethanol
conversion reactions [63-67]. According to previous studies, the
peaks in the low temperature region of the TPO profile (<673 K) cor-
respond to the oxidation of amorphous carbon overlaying the metal
surface. The peaks at high temperatures were due to the oxidation
of filamentous (773-873 K) and graphitic carbon (>873 K).
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Fig. 11. X-ray diffraction patterns obtained for Ni/CeNb during (a) ED reaction dur-
ing 1h TOS at 1123K (b) Selected times (orange curves). (—) CeOy; (®) Ni. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.).

Augusto et al. [31] investigated the effect of calcination temper-
ature of Ni/CeGd catalyst and of reaction temperature on ethanol
conversion reactions. TPO profiles of Ni/CeGd catalysts after steam
reforming of ethanol and ethanol decomposition at 773 K exhibited
peaks in the temperature range of 860-895 K, regardless of the cat-
alyst calcination temperature. Increasing the reaction temperature
(1073 K), only a peak at 950K was detected on the TPO profile of
Ni/CeGd catalyst after ethanol decomposition reaction. These peaks
were assigned to the oxidation of filamentous and graphitic carbon,
respectively, similarly to the results shown in Fig. 13.

The amount of carbon deposited on Ni-based catalysts after
ED at 1123K are listed in Table 7. Ni/CeGd exhibited the high-
est amount of carbon deposits (11.6 Mgcarhon/Ecat/h), Whereas
the lowest quantity of carbon was detected over Ni/CeNb cata-
lyst (1.5 Mgcarbon/Ecat/h). The other samples presented comparable
amounts of carbon (5-8 Mgc3rpon/Ecat/h).
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Table 7
Amount of carbon deposited on Ni-based catalysts after ED at 1123K
(mgcarbun/(gcat~h))-

Sample Amount of carbon (Mg carbon/(Ecat h))
Ni/CeO, 5.9

Ni/CeGd 11.6

Ni/CeY 5.1

Ni/CePr 6.0

Ni/CeZr 7.8

Ni/CeNb 1.5

Therefore, carbon deposition was the main reason for catalyst
deactivation in the present work. The main reactions that con-
tribute to coke formation during ethanol conversion are as follows:
(i) ethanol dehydration to ethylene, followed by polymerization to

coke; (ii) aldol condensation of acetone followed by dehydration to
mesityl oxide (MO); (iii) the Boudouard reaction; (iv) the reverse
of carbon gasification; and (v) the decomposition of hydrocarbons
such as methane and ethylene [32]. The extent of each reaction
depends on both reaction conditions and the catalyst used. The
decomposition of methane and ethylene to H, and C are the main
reactions for carbon deposition under the reaction conditions used
in our work, which are typical of SOFC operation (high reaction
temperature: 1123 K). Despite the formation of methane and ethy-
lene over all catalysts, carbon formation was markedly lower on
Ni/CeNb catalyst.

The oxygen mobility that could be at the origin of the difference
in the amount of carbon deposition was evaluated by the oxy-
gen isotopic exchange technique. The study was limited to CeGd,
CeNb, which displayed the largest difference of carbon deposited,
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Fig. 13. TPO profiles of used Ni-based catalysts after ED at 1123 K.
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Fig. 14. Evolution of the number of exchanged oxygen atoms during temperature-
programmed heterolytic '80,/'60, exchange over CeO,, CeNb and CeGd after
oxidizing pre-treatments of the samples.

and CeO, support to evaluate the influence of dopants. A first
set of experiments was performed in temperature-programmed
conditions. To prevent the reoxidation of the samples when intro-
ducing the labelled oxygen molecule, the experiments have been
performed on pre-oxidized supports. The time dependence of the
partial pressures of each isotope during the TPOIE experiments
over the three samples are shown in Fig. S8 in the online version
at DOI: http://dx.doi.org/10.1016/j.apcatb.2017.01.069. The CeO,
started to exchange with 180, above 700 K, which was higher than
the previously reported temperature (583 K) [38]. At low temper-
ature, the specific surface area influences the exchange activity.
This result confirms the effect of the high temperature of calcina-
tion used for SOFC application. At the beginning of the reaction,
both isotopomers, 160, and 6080 were formed, indicating that
both simple and multiple heterolytic exchange mechanisms were
involved, as previously reported for CeO,. The addition of Gd and
Nb to ceria did not decrease the temperature of exchange. On the
contrary, a shift to higher temperatures was observed for CeGd and
CeNb. For an easiest comparison, the time dependence of the num-
ber of exchanged atoms (N ) calculated for each support are shown
in Fig. 14. The negative impact was more pronounced for the CeNb
supportsince the plateau that corresponds to the equilibrium of 180
concentration between the gas phase and the solid surface was not
reached at 973 K. The isotopic distribution for CeNb (Fig. S8b) with
the appearance in the gas phase of the 160, isotope at the initial
time of exchange suggests a higher concentration of deficient oxy-
gen sites on the ceria surface due to the addition of Nb. These sites
are known to activate the oxygen in the diatomic form and favor

(a) 40 -
351 —CeNb
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Fig. 15. Evolution of the number of exchanged oxygen atoms during isothermal
heterolytic 180,/60, exchange over CeO,, CeNb and CeGd at (a) 780K and (b) 878 K
after oxidizing pre-treatments of the samples.

Table 8

Initial rate of exchange, Re, calculated from IOIE experiments at 780 and 878 K (10%°

at/(gcat min)).

Sample Re at 780K Re at 878 K
(10%° at/(gcat caymin))cat (10%° at/(gcat caymin))cat
CeO, 0.97 9.12
CeGd 0.66 6.64
CeNb 0.10 0.73

the multiple exchange mechanism. However, such an effect did not
result in lower temperature of exchange in the present study.

The experiments performed in isothermal conditions confirmed
such a behavior. The isotopic distributions during the exchange
reaction at 780 and 878K are shown in Figs. S9 and S10 in the
online version at DOI: http://dx.doi.org/10.1016/j.apcatb.2017.01.
069, respectively, while the evolution of the Ne values are com-
pared in Fig. 15. The difference of activity is less visible between
Ce0; and CeGd than for TPOIE experiments, but a higher activity in
exchange is still observed for pure CeO,. The initial rate of exchange
(Re) was calculated for each experiment and the obtained values
are listed in Table 8. At 780K, the rates of exchange were 0.97, 0.66
and 0.1 x 1029 oxygen atoms/(gcat min) for CeO,, CeGd and CeNb,
respectively. The rate of exchange increased with temperature, as
expected. At 878K, the Re values were 9.12, 6.64 and 0.73 x 1020
oxygen atoms/(gcar min) for CeO,, CeGd and CeNb, respectively.
The lowest activity of CeNb was clearly evidenced as well as the
difference in the exchange mechanism over CeNb support with the
preponderance of the 160, isotope during the exchange reaction.

3.4. Discussion

The development of anodes for direct ethanol SOFCs showing
high stability and adequate ionic and electronic conductivity at
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working conditions is one of the main issues for the commercial-
ization of this technology [7,8]. The use of ceria as support has been
proposed to improve catalyst resistance to carbon deposition. Ceria
exhibits a mixed ionic-electronic conductivity, adequate to SOFC
and a high oxygen mobility that assists on the removal of carbon,
improving catalyst stability [68].

Laosiripojana et al. [1] suggested that the high resistance to
carbon deposition for Ni supported over a high surface area ceria
catalyst during SR of ethanol at high temperature (973-1273 K) was
due to the high oxygen storage capacity (OSC) of ceria. At high
temperature, the reaction rate between the lattice oxygen of the
support and carbon formed is improved, resulting in the removal
of carbon.

According to the literature [33], doping of ceria with cations
such as Gd3*, Y3*, Pr3* and Zr#* should enhance the mobility of oxy-
gen in ceria and then, increase the OSC of the support. Therefore,
these materials should exhibit a higher resistance to carbon forma-
tion during ED than Ni/CeO, catalyst. In fact, TPR and in situ XRD
showed a higher reducibility of Zr and Pr doped ceria, in accordance
with previous reports. However, the amount of carbon deposited
on these materials was like that one formed over Ni/CeO, cata-
lyst. This result suggests that the mechanism of carbon removal is
not effective under the ED reaction conditions at high temperature.
This mechanism is based on the oxygen transfer from the support to
the surface of the metal particle, which contributes to the removal
of carbon from the metal. This reaction is believed to occur at the
metal-support interfacial perimeter. Therefore, the maintenance
of a high metal-support interfacial area is crucial for an efficient
cleaning of the metal particle.

In the present study, the in situ XRD experiments and TEM
images revealed the presence of large Ni® particles after reduc-
tion for all samples. In addition, it was observed an increase in Ni°
crystallite sizes for Ni/CeY and Ni/CePr catalysts during ED reac-
tion. Ni/CeGd exhibited the largest Ni crystallite size as well as the
amount of carbon deposited.

The particle size of metal affects significantly the carbon for-
mation over metallic nickel particles. The initiation step for carbon
formation over metal particle is favored for larger crystallite sizes.
Recently, the effect of Co particle size on the performance of car-
bon nanofiber supported Co catalysts for SR of ethanol was also
investigated [27]. It was found a decrease in deactivation rate with
decreasing cobalt particle size. The lower carbon deposition rate
was ascribed to a lower fraction of exposed terrace atoms, in which
carbon deposition on catalysts with large metallic particles is initi-
ated.

For large particles, the initiation step for carbon formation is
favored and the metal-support interface is low, which reduces the
efficiency of the cleaning mechanism by the support. Therefore,
the effectiveness of doping ceria to inhibit carbon formation is
low when the material is processed in similar conditions to those
used for SOFC fabrication. Thus, the high temperature of sintering
required for the preparation of anodes result in large Ni particles
even for low Ni loading.

However, Ni/CeNb catalyst exhibited the lowest amount of
carbon deposits, suggesting that niobia-doped ceria reduced the
formation of carbon. The doping of ceria with elements of valence
higher than 4+, such as Nb>* leads either to the incorporation of the
excess oxygen as interstitials (Eq. (3)) or to an electronic compen-
sation leading to cerium reduction (Eq. (4)).

Ce?" 0, — Ce**Nb3 0y, 5x (3)

X
Ce*t0, — Cett, Ce3IND3 0y ax + 502 (4)

However, the solubility of niobium oxide in ceria is low (1.4%
mole fraction) [43,68] but it could increase under reducing condi-
tions. In fact, in situ XRD experiments revealed that the shift of the

ceria lines to lower 28 positions for Ni/CeNb was less pronounced
than that for Ni/CeZr and Ni/CePr. Therefore, the formation of oxy-
gen vacancies could not explain the highest resistance to carbon
formation of Ni/niobia-doped ceria catalyst.

The TPR experiment showed that Ni/CeNb sample had the low-
est reducibility, with a reduction degree of NiO of only 46%, while
all remaining samples exhibited complete reduction of nickel oxide.
The oxygen isotopic exchange experiments also demonstrated the
low oxygen mobility in the CeNb support compared with pure CeO,.

Hu et al. [69,70] studied the effect of the calcination tempera-
ture on the extent of Rh-Nb,O5 interaction on the niobia-promoted
Rh/SiO, catalyst. Increasing the calcination temperature favored
the formation of RhRNbO4 compound, which is reduced at high tem-
perature during TPR. The reduction at high temperature led to the
suppression of H, chemisorption and ethane hydrogenolysis activ-
ity. They proposed that RhNbOy is reduced to Rh and NbO, species
that decorates the surface of Rh particles, decreasing the reaction
rate for ethane hydrogenolysis.

Our results suggest the formation of a nickel niobate phase
during calcination at high temperature. The reduction of this
niobium-rich phase could lead to the formation of Ni particles
covered by NbOy patches. The presence of these species on the sur-
face of metallic particles would block active sites, preferentially
affecting those reactions that require a large ensemble of atoms.
According to Rostrup-Nielsen [71], there is a critical ensemble size
for steam reforming (3-4 nickel atoms) while the formation of
carbon requires larger ensembles (6-7 atoms). Therefore, carbon
formation is inhibited while maintaining some activity for reform-
ing reaction on Ni particles covered by NbOy species, the so-called
geometric effect [72].

In order to understand the highest resistance to carbon for-
mation of Ni/CeNb catalyst, two catalysts containing this phase
supported on ceria (NiNb,Og/CeO, samples calcined at 1073 K and
1273 K) were prepared as described in the experimental session.

Fig. 16 shows the XRD patterns of the NiNb,Og/CeO, samples
calcined at 1073K and 1273 K. The diffractogram of the sample
calcined at 1073 K exhibited the lines characteristic of CeO, with
cubic structure (ICSD 72155), NiO (JCPDS 24018), NiNb, Og (PDF32-
0694) and Nb,Os (PDF 43-1042) phases. The calcination at 1273 K
led to the disappearance of the lines assigned to Nb,O5 phase and
to the increase in the intensity of the lines attributed to NiNb,Og
phase. According to the literature, the calcination at high temper-
ature induces the reaction between Nb,Os and NiO, leading to the
formation of NiNb,Og [ 73]. Therefore, the sample calcined at higher
temperature has a higher fraction of NiNb,Og. It was also noticed
the lines corresponding to CeNbO,4 (PDF 72-0905), as a minor sec-
ondary phase.

The TPR profiles of both samples are shown in Fig. S11 in the
online version at DOI: http://dx.doi.org/10.1016/j.apcatb.2017.01.
069. For NiNb,Og/Ce0, sample calcined at 1073 K, one peak at 760 K
and two small peaks at high temperature can be identified. Based
on the XRD data, the peak at low temperature could be attributed
to the reduction of NiO particles, whereas the hydrogen uptake at
high temperature is likely due to the reduction of NiNb,Og phase.
The calcination at high temperature decreased the intensity of the
peak attributed to NiO and increased the hydrogen consumption
at high temperature. Therefore, the calcination at 1273 K favored
the formation of NiNb,Og phase. Furthermore, the TPR profile of
the Ni/CeNb is quite similar to the one of NiNb,Og/CeO, sample
calcined at 1273 K, indicating that Ni/CeNb catalyst contains mainly
the NiNb,Og phase.

Fig. S12 in the online version at DOI: http://dx.doi.org/10.1016/
j.apcatb.2017.01.069 shows the ethanol conversion and product
distributions as a function of TOS for ED at 1123 K over both
NiNb,0g/Ce0, samples calcined at 1073 K and 1273 K. The initial
conversion of ethanol was 100% and remained constant during 28 h
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Fig. 16. X-ray diffraction patterns obtained for NiNb,0g/CeO; calcined at 1073 K and 1273 K.

of TOS, regardless of catalyst composition. The products observed
for both catalysts were H;, CO, CH4 and small amounts of ethylene.

The formation of Hy only slightly decreased during the first
hours of reaction, reaching values around 45-48% after 28 h of TOS
for both catalysts. The decrease in H, production was followed by
a slight increase in CO, CH4 and ethylene formation. After 28 h of
TOS, the selectivity to CO, CH4 and ethylene were around 32, 15-16
and 7%, respectively.

The TPO profiles of used samples after ED at 1123 K are shown
in Fig. S13 in the online version at DOI: http://dx.doi.org/10.1016/j.
apcatb.2017.01.069. Both samples exhibited a peak at 974 K, which
corresponds to the formation of filamentous and graphitic car-
bon. The amount of carbon deposited on both samples after ED
at 1123 K was 3.9 mg mgahon/(8cat h) for NiNb, Og/CeO, calcined
at 1073 K and 4.4 mghon/(&cat h) for NiNb,Og/CeO, calcined at
1273 K. These values were close to the ones obtained for the
Ni/NbCe, suggesting that the formation of the NiNb,Og phase
inhibits carbon formation during ED at 1123 K.

4. Conclusions

Ni-based catalysts supported on CeO, doped with different
cations (Gd, Y, Pr, Zr, Nb) were prepared by the hydrothermal
method. The diffractograms of the calcined samples revealed
the shift of CeO, diffraction lines for Ni/CeGd, Ni/CeY, Ni/CePr,
Ni/CeZr and Ni/CeNb, which was due to the formation of solid
solutions during calcination. In situ X-ray diffraction patterns
obtained during reduction showed that CeO, diffractions lines
shifted to lower 20 positions as the temperature increased,
which is related to the partial reduction of CeO, to CeOy, with
formation of Ce3*cations and oxygen vacancies. The extent of
ceria reduction depended on the type of dopant and followed the
order  Ni/CeGd <Ni/CeY < Ni/CeO, <Ni/CeNb < Ni/CeZr < Ni/CePr.
The increase in the reduction temperature also significantly
increased the Ni® crystallite size for all catalysts. The reduction
was also monitored by TPR technique. The TPR profile of Ni/CeO5,
Ni/CeGd, Ni/CeY, Ni/CePr and Ni/CeZr samples corresponds to the
reduction of large NiO particles without interaction with the large
CeO, crystallites. However, the TPR profile of Ni/CeNb catalyst is

completely different from the ones obtained for the other catalysts.
The hydrogen consumption at high temperature is attributed to
the reduction of a NiNb,Og phase.

These catalysts were tested for ED at 1123 K. H,, CO, CH4 and
ethylene were the main products formed, indicating that ethanol
decomposition and dehydration of ethanol are the main reactions
taking place. However, the formation of H, significantly decreased
during the first hours of reaction for all catalysts. SEM and TG
analysis of the used catalysts revealed that carbon formation was
the main cause of catalyst deactivation. The highest formation of
carbon occurred over Ni/CeGd, whereas the lowest amount of car-
bon deposits was obtained on Ni/CeNb catalyst. The amount of
carbon formed on Ni/CeO,, Ni/CeY, Ni/CePr and Ni/CeZr catalysts
was approximately the same. These results suggest that doping
ceria with cations such as Gd3*, Y3*, Pr3* and Zr** did not improve
the resistance to carbon formation in spite of the higher oxygen
mobility of doped-ceria supports. In fact, the calcination at high
temperature significantly increased the Ni® and CeO, crystallite
size, strongly decreasing the metal-support interfacial area. There-
fore, the mechanism of carbon removal based on oxygen transfer
from the support to the surface of the metal particle does not
take place and then, carbon species accumulates leading to cata-
lyst deactivation. In spite of several studies have proposed the use
of redox supports to assist in carbon removal, this approach is not
effective for SOFC anodes due to the typical operation conditions.
The lowest formation of carbon on Ni/CeNb catalyst is likely due to
presence of NiNb,Og phase. The reduction of this phase could lead
to the formation of Ni particles covered by NbOx patches. The dilu-
tion or the coverage of a fraction of the surface of metallic particles
by NbOy species inhibits the formation of carbon by the so-called
geometric effect.
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