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a b s t r a c t

Electrocatalysts based on FeeNi alloys were prepared by means of modified Pechini and

physical mixture methods and using on a composite of Yttria Stabilized Zirconia (YSZ) and

Gadolinia-Doped Ceria (GDC) as support. The former method was based on the formation

a polymeric precursor that was subsequently calcined; the later method was based on the

mixture of NiO and the support. The resulting composites had 35 wt.% metal load and

65 wt.% support (70 wt.% YSZ and 30 wt.% GDC mixture) (cermets). The samples were then

characterized by Temperature-Programmed Reduction (TPR) and X-Ray Diffraction (XRD)

and evaluated in the ethanol steam reforming at 650 �C for 6 h in the temperature range of

300e900 �C. The XRD results showed that the bimetallic sample calcined at 800 �C formed

a mixed oxide (NiFe2O4) with a spinel structure, which, after reduction in hydrogen, formed

NieFe alloys. The presence of Ni was observed to decrease the final reduction temperature

of the NiFe2O4 species. The addition of iron to the nickel anchored to YSZeGDC increased

the hydrogen production and inhibited carbon deposition. The resulting bimetallic 30Fe5Ni

sample reached an ethanol conversion of about 95% and a hydrogen yield up to 48% at

750 �C. In general, ethanol conversion and hydrogen production were independent of the

metal content in the electrocatalyst. However, the substitution of nickel for iron signifi-

cantly reduced carbon deposition on the electrocatalyst: 74, 31, and 9 wt.% in the 35Ni,

20Fe15Ni, and 30Fe5Ni samples, respectively.

ª 2010 Professor T. Nejat Veziroglu. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Solid oxide fuel cells (SOFC) are devices that convert the

chemical energy of gaseous fuels, such as hydrogen, natural

gas and ethanol, to electricity through electrochemical

processes. Due to their high efficiency, design modularity and

environmentally friendly nature, SOFCs are considered one of

the most promising energy converters. In addition, SOFCs,

when compared to other fuel cell systems, offer the possibility

of internal reforming of ethanol or hydrocarbon fuels, which

may occur directly on the anode. This phenomenon gives

SOFC greater flexibility in terms of fuel choice, which is one of

its main advantages [1e5].

One of the challenges of using fuel cells as a commercial

alternative for electricity generation is the fact that theyusually

require high purity hydrogen as fuel. Hydrogen is predomi-

nantly produced by steam reforming reactions of natural gas or

higher hydrocarbons, which contain approximately 100 ppm

carbon monoxide, requiring additional purification to satisfy

fuel cell demands. Therefore, high purity hydrogen production
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and distribution add additional levels of complexity to the

overall system. However, oxidation of ethanol and hydrocar-

bons directly on SOFC anodes has been experimentally

demonstrated by a number of authors [6e10]. It is well-known

that NieYSZ cermet anodes of SOFC have excellent catalytic

properties and stability to H2 oxidation under SOFC operation

conditions [11,12]. However, as Ni is also a good catalyst for

hydrocarbon cracking reactions, the use of ethanol or hydro-

carbon fuels in a SOFCwith a Ni-based anode results in carbon

deposition with rapid, irreversible cell degradation [13e16]. As

a result, NieYSZ cermet anodes can only be used for ethanol or

hydrocarbon fuel if a high excess of steam to fuel is present in

the cell anode in order to ensure complete fuel reforming and

to suppress carbon deposition. Therefore, the development of

an anode material for SOFCs that operates on ethanol or

hydrocarbons at lower carbon to water ratios (at least close to

thestoichiometric ratio) iswidelyrecognizedtobean important

technical objective [3,7,8,17,18].

Park and Virkar [19] recently studied the use of composites

of iron and nickel supported on GDC (Gd0.1Ce0.9O2 d) for SOFC

anodes. These cells were prepared with Gd2O3-doped ceria

as the electrolyte and a mixture of Sr-doped LaCoO3 (LSC) and

GDC as the cathode functional layer. This system showed

maximum power densities as high as 0.68 W cm 2, measured

at 650 �C with the cell fueled with hydrogen. Huang et al. [3]

studied a FeeNi/ScSZ (Scandia Stabilized Zirconia) composite

as an anode material for SOFC running on ethanol fuel,

showing that carbon formation was greatly suppressed on

SOFC anodes based on FeeNi alloys compared to Ni-based

anodes. Theseauthors thenevaluatedaunitary SOFCprepared

with an anode made with the FeeNi/ScSZ composite, a ScSZ

compound as electrolyte and (Pr0.7Ca0.3)0.9MnO3 as the

cathode. The constructed cell had a power density of

430 mW cm 2 at 850 �C when fed with ethanol vapor. There-

fore, a composite made of Ni and Fe appears to offer a good

compromise between satisfactory catalytic activity and carbon

deposition formation.

Many authors have developedmethods for the preparation

of composites, each of which creates SOFC anodes with

different properties [20,21]. Martins et al. [20] found that the

physical mixture and themodified Pechinimethods promoted

stronger interactions between NiO and YSZ. Although the

impregnation method led to a larger NiO coating on the YSZ

surface, the NiO species obtained from thismethodweremore

easily reducible, regardless of the calcination temperature

used. This property can be considered a great advantage, as

the reduction of NiO particles happens in situ at the beginning

of cell operation and easier reduction should help the SOFC

reaction start faster. They also observed that the NiO and YSZ

particle sizes influenced the composite reduction behavior

more than the synthesis method.

Ribeiro et al. [21] studied a Ni/YSZ cermet material with

30 wt.% of NiO prepared using two different methods, co-

precipitation and combustion, followed by calcination at

600, 800 or 1000 �C. The authors observed that the mean

crystallite size of NiO was smaller for the combustion

samples (20e33 nm), showing that this method yielded

samples with higher Ni dispersion. The combustion samples

also presented a more homogeneous particle size distribu-

tion, mainly at high calcination temperatures. Incidentally,

these studies demonstrated that the evaluation of the

composites in their powder form helped to understand and

improve the development of SOFC anodes, especially those

fed with hydrocarbon or alcohol.

As previously noted, the main challenges for the technical

and commercial viability of SOFCs are the development of

materials that allowed the cell to operate at temperatures

around 700 �C and anode with special properties. These novel

anodes should be able to reform carbon containing fuels

directly on their surface, oxidize hydrogen at high rates and,

mostly important, minimize, or completely suppressed,

carbon formation, in addition to their electronic and ionic

conductivity. The search of the SOFC anode with all this

properties has been the subject of many works [2,3]. Further-

more, ethanol has particular appeals as a source of electrical

energy, because it is a renewable fuel and has a much lower

environmental impact than the fossil fuels [5].

This work presents the development of a cermet, with

catalytic properties, based on nickel, as the reforming and

oxidation catalyst, and iron as the conducting metal phase,

because of its lower activity for carbon formation [2]. The

ceramic material was based on a mixture of YSZ and GDC,

which presents good ionic conductivity around 700 �C, as well

as goodsinterability [2]. The catalystswerepreparedbyPechini

method, known to give small crystallite particles [22] that

would further inhibited carbon formation. The catalysts were

tested in the ethanol steam reforming reaction, since the SOFC

power might be related to the catalyst performance for

hydrogen production [23]. Surprisingly, the developed cata-

lysts gavebetter performanceand lower carbon formation that

could be expected from its nickel load. Further electrochemical

properties of the cermet, as ionic andelectronic conductivity at

SOFC conditions fuel with ethanol, should be analyzed,

however the developed electrocatalyst gather several charac-

teristics that makes it a material with very high potential to be

a SOFC anode.

2. Experimental

2.1. Sample preparation

NieFe/YSZeGDC cermet powders with 35 wt.% metal sup-

ported on 65 wt.% YSZeGDC (70 wt.% YSZ and 30 wt.% GDC)

were prepared using two methods detailed described in

the following paragraphs: modified Pechini and physical

mixture methods and using a composite of Yttria Stabilized

Zirconia (YSZ) and Gadolinia-Doped Ceria (GDC) as support

(Table 1). The former method was based on the formation of

a polymeric precursor that was subsequently calcined; the

later method was based on the mixture of NiO and the

support. The samples were then characterized by Temper-

ature-Programmed Reduction (TPR) and X-Ray Diffraction

(XRD) and evaluated in the ethanol steam reforming at

650 �C for 6 h as well as at a variable temperature in the

range of 300e900 �C.

YSZ [(Y2O3)0.08(ZrO2)0.92], with a surface area of 6e9 m2 g 1

and a particle size of 0.5e0.7 mm, and GDC (Ce0.9Gd0.1O2), with

a surface area of 5e8 m2 g 1 and a particle size of 0.3e0.5 mm

powders, were obtained from Fuel Cell Material!.
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2.1.1. Modified Pechini method for sample preparation

Anaqueous solutionof nickel [Ni(NO3)2.6H2O] and ironnitrates

[Fe(NO3)3.9H2O] (both fromMerck!) was added to a solution of

citric acid (CA, Merck!). The resulting solution was stirred,

heated to 60 �C, and the powdered support (YSZ-GDC) was

slowly added. Ethylene glycol (EG, Merck!) was added to the

resulting solution in a molar ratio of CA/EG ¼ 1/4 and a molar

ratio of CA/metallic ion ¼ 6/1, followed by stirring at 60 �C for

1 h. The temperature was then raised to 90 �C and kept at this

temperature until the final volume was reduced to half of the

initial value, and a polymeric gel was formed.

Thepolymericgelwascalcinedat350 �C"0.25%ataheating

rate of 1 �Cmin 1 from 25 to 350 �C. Afterwards, the obtained

brown solid was ground in a ball mill for 24 h and finally

calcined at 900 �C for 3 hwith a heating rate of 5 �Cmin 1 from

25 to 900 �C " 0.25%.

2.1.2. Physical method for sample preparation

YSZeGDC was mixed with NiO in the presence of a small

amount of ethanol and the mixture was stirred for 24 h in

a ball mill. The powder formed was calcined at 900 �C " 0.25%

for 3 h with a heating rate of 5 �Cmin 1 from 25 to 900 �C.

2.2. Sample characterization

Crystallographic characterization of the samples was per-

formed by X-ray diffraction (XRD) in a Shimadzu XRD 6000

with Cu Ka radiation (40 kV and 40 mA) between 10 and

80� " 0.01� at a rate of 0.25�min 1. Sample crystallite sizes

were then determined from the Scherrer equation [24].

Temperature-programmed reduction (TPR) analysis was

performed on a system consisting of a U-shaped quartz

reactor, an oven with temperature control and a gas analysis

systemwitha thermalconductivitydetector (TCD).Asampleof

about 30 mg was placed in the quartz reactor and heated from

ambient temperature to about 1000 �C" 0.25%at a heating rate

of 10 �Cmin 1 under a flow of 1.5% H2/argon at a rate of 30

ml min 1 " 1% To this apparatus was attached a trap for

removing the water formed in the TPR reaction, and the

certified hydrogen mixture used in the reaction was obtained

from Linde. The TPR system was calibrated by measuring the

supplied and consumed hydrogen flow, enabling the quanti-

tative determination of the reduction extension of the oxides.

The obtained spectra were processed with deconvolution

techniques to determine the different species present in the

solids.

Themeasurements of specific surface areawere performed

in a Micromeritics ASAP 2020 using 0.2 g of each sample

preheated to 300 �C for 1 h under a nitrogen flow. The typical

error associated withmeasures of specific surface area by this

technique was between 5 and 10%.

2.3. Catalytic tests

The sampleswere evaluated in the steam reforming of ethanol

at reaction temperatures between 300 and 900 �C " 0.25% and

also as a functionof timeon the streamat 650 �C" 0.25% for 6 h

in a quartz micro-reactor. In these experiments, the mass of

carbon formed during the reaction was measured and the

carbon formation was calculated as the difference between

the mass of the catalyst after the reforming reaction and the

initial mass of the reduced catalyst. Initially, 200 mg " 0.1% of

catalyst was reduced in situwith hydrogen (10mol%) diluted in

nitrogen from 30 to 800 �C " 0.25% with a heating rate of

10 �Cmin 1. The final temperature was then maintained for

30min. All ethanol steamreforming runswere conductedwith

nitrogen as the carrier gas at a flow rate of 60 mL min 1 " 1%

using a mass flow controller. A previously prepared aqueous

ethanol solution, with a molar ratio of water to ethanol equal

to 3:1, was injected into the reaction system through a syringe-

type pump. The injection rate for this solution was

2 mL h 1 " 0.35%, which corresponded to 1.78 # 10 2 mol of

ethanol per hour. The gaseous products of the reaction were

analyzed by gas chromatography using a Carboxen! 1010

column and a thermal conductivity detector (TCD) in series

with a flame ionization detector (FID) [23]. The gas chromato-

graph (SHIMADZUGC-17A) had a system for automatic sample

injection that was programmed to collect and inject a sample

every 10min. During analysis, both injector and detector were

maintained at 150 �C and the column at 105 �C. The quantifi-

cation of the chromatographic analysis was made using an

external standard, which gave a typical error of 0.7% for

ethanol [25].

2.4. Data analysis

The ethanol conversion (XET) in the steam reforming of

ethanol was calculated according to the definition of Hill [26]

and given by equation (2.1).

XET ¼
�

V0C0
ET  VSCS

ET

 !�

V0C0
ET

 

(2.1)

where V0 and VS are the total gas flow at the inlet and outlet of

the reactor, respectively, both measured at normal tempera-

ture and pressure, and C0
ET and CS

ET are, respectively, the

concentrations of ethanol in the inlet and outlet of the reactor.

The later was measured by gas chromatography, and the

former was calculated from the amount of ethanol and water

injected in the reactor as an aqueous solution.

The inlet volume (V0) was calculated from the measured

carrier gas plus the injected ethanol and water vapors. The

outlet volume (VS) was calculated from the inlet volume, to

which was added the volume variation of the reforming

reaction, assuming that all the ethanol reacted. Considering

the chromatography analyses, the errors associated with the

measurement of the total ethanol molar flow of the inlet and

Table 1 e Sample descriptions and nominal metal
contents. The percentage of available nickel and iron
were based on the metallic content. The YSZeGDC
mixture was 65 wt.% for all samples studied.

Preparation method Metal loading Sample name

%Ni %Fe

Pechini 0 35 35Fe

5 30 30Fe5Ni

15 20 20Fe15Ni

35 0 35Ni

Physical 35 0 35NiC
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outlet were 1 and 4%, respectively. Therefore, the ethanol

conversion was measured with an error of approximately 5%.

The hydrogen yield was also calculated according to the

definition of Hill [26] and given by equation (2.2).

YH2 ¼ NS
H2=

"

6
�

N0
ET  N0

ET

 #

(2.2)

whereNs
H2 is the number ofmoles of hydrogen formed,N0

ET is

the number ofmoles of ethanol in the reactor inlet, andNE
ET is

the number of moles of ethanol that did not react [27].

Following the same reasoning developed to estimate the error

in the ethanol conversion measurements, the mass balance

for ethanol and hydrogen was typically within "5% error

range. Therefore, the hydrogen yield was also measured with

a typical error of 5%.

3. Results and discussion

3.1. Catalyst characterization

Table 2 shows the specific surface areas of the samples. In

general, there was no significant variation in the specific

surface area after the incorporation of nickel and iron oxide

phases. Among the monometallic nickel samples, the surface

area varied from 4 m2 g 1 in the sample prepared by the

physical mixingmethod to 8m2 g 1 in the sample prepared by

the Pechini method.

Fig. 1 shows the X-ray diffraction of 35Ni and 35NiC

samples, as well as the YSZeGDC support, which was subject

to preparation and calcination conditions similar to those of

the samples. From the position of diffraction peaks, the

differentmethods of sample preparation caused no significant

change in the nature of the crystalline phases present in

the support material. In both samples, nickel oxide (NiO) in

the cubic form (JCPDS 78-0643) was formed following the

calcination step, and YSZ (JCPDS 82-1246) and GDC (JCPDS 75-

0161) were both also found to be in the cubic form.

Fig. 2 shows the XRD patterns for the samples containing

iron. Interestingly, only hematite (Fe2O3), in a rhombohedral

structure (JCPDS 87-1166), was present in the 35Fe sample. The

XRDpatterns of the bimetallic samples, 20Fe15Ni and 30Fe5Ni,

indicated the coexistence of hematite, with a rhombohedral

structure, and a mixed oxide of nickel and iron (NiFe2O4) in

a spinel-type cubic structure (JCPDS 74-2081). Qualitative

observation of the relative intensity of the diffraction peaks

for the bimetallic samples suggested that themixed oxidewas

the major phase and the hematite was the minor in the

20Fe15Ni sample. However, this relationship was reversed for

the 30Fe5Ni sample. These observed qualitative relationships

were consistent with the nominal sample compositions. Fig. 2

also indicated that there were no reflections in the XRD

patterns, suggesting the occurrence of secondary phases.

Fig. 3 shows the XRD patterns of the samples after being

subjected to reduction in the presence of hydrogen at 800 �C.

In the 35Ni sample, nickel was crystallized as a face centered

cubic (FCC) structure (JCPDS 87-0712) and metallic iron in the

35Fe sample was crystallized in a body-centered cubic (BCC)

structure (JCPDS 87-0722).

The XRD diffractogram for the 20Fe15Ni sample (Fig. 3),

along with the disappearance of peaks associated with pure

nickel and iron, presented three new peaks at positions

Table 2 e Specific surface areas of the prepared cermet
samples.

Samples Area (m2/g)

YSZeGDC 5

35Ni 8

35Ni C 4

35Fe 3

20Fe15Ni 3

30Fe5Ni 4

Fig. 1 e XRD patterns of Ni/YSZeGDC prepared by the

physical mixture and Pechini methods and YSZeGDC

composite powders after calcination.

Fig. 2 e XRD patterns of composite powders after

calcination.
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2q ¼ 43.60, 50.84 and 74.69�. These data suggested the forma-

tion of a nickel-iron alloy (CAPES 26009) [28] exhibiting an FCC

crystal structure. For the 30Fe5Ni sample, peaks in these same

positions were also observed for this sample, indicating the

formation of a nickel-iron alloy with an FCC structure. These

observations suggested that the iron atoms were substituted

for nickel atoms in the unit cell. Additionally, the peaks

remained in the positions 2q ¼ 44.72 and 65.13�, which are

characteristic of iron in the BCC crystalline form and might

imply that the metallic phase of the 30Fe5Ni sample was

segregated. The segregation of the phases would then form

two species: a nickel-iron alloy and pure iron. In addition, the

insertion of iron in the nickel crystal structure increased the

unit cell volume from 43.8 Å3 in the FCC nickel structure to

46.4 Å3 in the FCC NieFe alloy structure. Table 3 shows the

crystallite sizes of nickel and iron compounds anchored on

the support measured by the Scherrer equation for samples

that were calcined and reduced. The data in Table 3 show that

the NiO crystallites obtained with the Pechini method were

significantly smaller than those obtained using the physical

mixture method. For example, the Fe2O3 crystallite sizes were

between 6.1 and 8.9 nm, showing a slight size increase with

nickel loading in the sample.

A comparison of the crystallite sizes for the calcined and

reduced samples showed that the crystallite size of the nickel

and iron species increased after sample reduction. This size

increase was probably caused by the sintering of the metallic

species during the reduction process. However, it is worth-

while noting that the crystallite growth of the samples

prepared using the Pechini method was lower than that

observed for the samples prepared using the physical

mixture method. In this synthesis method, there was little

interaction between the NiO and the support, likely due to

the fact that the support is a species whose isoelectric point

is pH 7 and NiO is a neutral species. Therefore, there was no

bond formation assistance between the NiO and the support

for agglomeration of NiO particles, especially during the

thermal treatment steps. For the Pechini method, there was

also little interaction between the support and the precursor

metal species as the precursor ions were trapped in a poly-

mer network around the support in this method. This

structure ensured greater dispersion and minimized crystal-

lite growth from sintering, as suggested in Fig. 4.

Fig. 5 shows the TPR profiles for the studied materials. As

can be seen, the TPR curve for the support (YSZeGDC) showed

noeventassociatedwithreduction.Previousworkshowedthat

pure YSZ also did not have any TPR activity under diluted

hydrogen [49]; however, GDC samples showed evidences of

reduction around 900 �C, under a diluted mixture of methane

and steam [29]. In TPR analysis conditions, surface layers of

a ceriamonocrystal were reduced; the firstmonolayer showed

a peak at 512 �C and the second monolayer were partially

reduced at 862 �C [30].

Thepeaks thatappeared inTPRcurveof thecatalystsamples

were attributed to the reduction of nickel and iron species

present in the composite materials. First, the different prepa-

rationmethods for themonometallic nickel-based cermets led

to solidswith different resistances to reduction in the presence

ofhydrogen, evidencedbythedifferences intheareasdelimited

by the TPR peaks for the different materials. In these samples,

the monometallic species that reduced in the temperature

range of 410e420 �C presented weaker interactions with the

support, but the converse relation might also be inferred from

the data. Second, one may also observe in Fig. 5 that the

reduction of both monometallic and bimetallic iron samples,

displayed by multiple reduction events at temperatures above

700 �C, especially for themonometallic iron sample. In general,

the reduction profile for the bimetallic samples was interme-

diate between those for the monometallic iron and nickel

samples. Apparently the formation of themixed oxide NiFe2O4

promoted a decrease in the maximum temperature of reduc-

tion of the bimetallic compounds, which was favored by the

presence of nickel. Previous studies [31] have indicated that

solids with a high concentration of oxygen vacancies usually

have the ability to interact strongly with adsorbed species in

their neighborhood, so the high reduction temperatures of the

ironandnickel species in both the bimetallic andmonometallic

Fig. 3 e XRD patterns of composite powders after reduction

(Crystallographic database of CAPES, Brazil [28]).

Table 3 e Crystallite size of iron and nickel species
obtained by their XRD patterns from the Scherrer
equation.

Samples Mean crystallite size (nm)

Calcined samples Reduced samples

NiOa Fe2O3
b NiFe2O

c Ni0d Fe0e Ni0eFe0 (alloy)d

35Ni C 66.2 e e 124.6 e e

35Ni 6.2 e e 10.2 e e

35Fe e 6.1 e e 9.7 e

30Fe5Ni No 8.2 12.4 No 16.0 16.7

20Fe15Ni No 8.9 14.7 No No 17.9

a Calculated using the (200) NiO plane.

b Calculated using the (104) Fe2O3 plane.

c Calculated using the (311) Ni2Fe2O4 plane.

d Calculated using the (111) Ni0 and Ni 0-Fe 0 planes.

e Calculated using the (110) Fe0 plane.
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iron sampleswere related to the strong interaction between the

nickel and iron oxideswith theYSZeGDCsolid. Thismaterial is

believed to depict a high defect concentration [32].

For the elucidation of the peak broadening reduction, two

TPR experiments under different conditions were carried out

on the 35Fe sample. In the first experiment, the analysis was

done at a heating rate of 10 �Cmin 1 up to 800 �C under 1.5mol

% H2/argon and maintained at this temperature for 40 min

(Fig. 6A). In the second experiment, the heating rate was held

at 10 �Cmin 1 until themaximum temperature of 1100 �Cwas

reached (Fig. 6B).

A closer inspection of Fig. 6A and B shows that the

temperature isnot theonly important factor in the reductionof

iron-supported species. The TPR curves obtained for the 35Fe

sample (Fig. 6A) indicated that maintaining the sample at

800 �C for 45min after the start of the reduction event led to the

same extent of iron species reduction as those samples

submitted to 1100 �C. This result may be seen by observing the

areas under the TPR curves at fixed temperature (curve B) and

at variable temperature (curveA). From the 80-minmark to the

endof reduction,bothareaswereapproximatelyequal (Fig. 6B).

As similar reduction extensions might be achieved with

either fixed or variable temperature, the broadness of the iron

reduction peak was probably related to hindered hydrogen

diffusion in the sample, a phenomenon to which the small

specific surface area of the sample (3 m2g 1) might have

contributed; solids with lower porosity would require a longer

hydrogen path through the bulk. TheWeiszmodulus [26] gives

a quantitative insight about the importance of diffusion on the

iron oxide reduction. At the experimental conditions of 35Fe

TPR analysis, theWeiszmodulus [26] was in the order of 5e10;

this figure suggested that the hydrogen diffusion into the bulk

iron oxide played an important role in the solid reduction. In

order to calculate the Weisz modulus, the reduction rate of

Fig. 4 e Schematic illustration of the methods of sample preparation: a) the physical mixing method; and

b) the Pechini method.
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iron oxide, about 40 # 103 mols 1 m 3, was calculated from

recent data of Halim et al. [33]. The diffusion coefficient of

molecular hydrogen in several materials is in the order of

1e10# 10 11m2 s 1 [34]. Halim et al. [33] also observed that the

reduction of iron oxide particles, from the size between 30 and

150 nm, was controlled by a combined effect of chemical

reaction and gaseous diffusionmechanisms.

The quantitative data obtained from the sample TPR

analyses are presented in Table 4. For themonometallic nickel

samples, the stoichiometric ratio of 1:1 betweenH2 andNiwas

considered for the quantitative evaluation of hydrogen

consumption in TPR analyses according to equation (3.1).

NiOþH2/NiþH2O (3.1)

For themonometallic iron sample (35Fe), the stoichiometric

relationship between molecular hydrogen and iron was 3:2

and the overall iron reduction (reaction 3.4) was the sum of

reactions 3.2 and 3.3.

Fe2O3 þH2/2FeOþH2O (3.2)

2FeOþ 2H2/2Feþ 2H2O (3.3)

Fe2O3 þ 3H2/2Feþ 3H2O (3.4)

Finally, for the bimetallic samples, the TPR hydrogen

consumption was calculated as the sum of the individual

consumptions of the nickel and iron species, with each

proportional to their concentration in the sample.

The data presented in Table 4 indicated that the samples

prepared using the Pechini method achieved complete

reduction of the metal oxides in the presence of hydrogen. In

contrast, the 35NiC sample, prepared using the physical

mixture method, showed a low yield in the reduction of NiO

with hydrogen, reducing only 14% of the oxide initially

present in the sample. This low performance might be asso-

ciated with the large NiO crystallite sizes (66.2 nm) formed

during the catalyst preparation, compared to the small crys-

tallite sizes of the NiO obtained from the Pechini method.

Thus, under the studied experimental conditions, only the

surface of the NiO particles was converted to Ni� in the 35NiC

sample. Furthermore, one may also observe from Table 4 that

the metal reduction in the bimetallic samples was slightly

lower than the metal reduction in the monometallic samples.

This phenomenon might be explained by the fact that the

individual species of NiO and Fe2O3 were totally reduced,

whereas the NiFe2O4 species did not reach total reduction. The

stronger interaction of the NiFe2O4 species with oxygen

vacancies in the support might explain this observation.

This behaviormight be further explained on the basis of the

strong metal-support interaction (SMSI) effect between nickel

and ceria, which has been amply studied. The addition of CeO2

to a Ni/d-Al2O3 catalyst increased its activity and stability for

methane dry reforming; Ni catalysts with CeO2 promoters

reduced the chemical interaction between nickel and support,

resulting in an increase in reducibility and high dispersion of

nickel [35]. Similar study [36] has been conducted on a Ni/

Fig. 5 e TPR profiles of the studied materials: (d)

experimental profile obtained for the samples synthesized

by the physical mixture or the modified Pechini methods;

(.) Gaussian deconvolution of the TPR profiles.

Fig. 6 e TPR profiles of monometallic iron samples calcined

in air at 900 �C presented as a function of temperature (A)

and time (B). For TPR curve A, the heating rate was held at

10 �C minL1 up to 1100 �C. For TPR curve B, the experiment

was performed at the rate of 10 �C minL1 up to 800 �C and

maintained at this temperature for 45 min.
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d-Al2O3 using a combination of cerium and zirconia as

promoter; the authors ascribed this effect to the formation of

NiOx intermediates, in the promoted catalyst, which would

yield high activity Ni species. Mariño et al. [37], using TPR and

XPS analysis, found that the sample behavior strongly depends

ontheconditionsof thethermal treatments.The increase in the

calcination temperature of the precursors produced a strong

interaction between nickel and aluminum, decreasing nickel

reducibility and selectivity to C1 compounds. Ni/CeO2 catalysts

prepared by impregnation, depositioneprecipitation and co-

precipitation methods were used for methane decomposition

[38]. The spent catalysts were analyzed by TEM, as well as

temperature-programmed hydrogenation and oxidation; the

Ni/CeO2catalystpreparedbyco-precipitationmethodexhibited

rather strong metalesupport interaction probably by the

formation of NieOeCe solid solution, explaining its very low

activity towards methane decomposition. Sánchez-Sánchez

et al. [39] studied nickel catalysts supported on mixture of

aluminaandothermetaloxidefor theethanol steamreforming.

They found that TPR and XPS analyses indicated the develop-

ment of strong interactions between nickel species and ZrO2,

La2O3 and CeO2 oxides added to supports. La and Ce additives

were found to prevent the formation of carbon filaments on

nickel surfaces; these filamentswere found to cause changes in

product selectivitieswith reaction time for Zr andMgadditives,

as well as bare alumina catalyst. Gonzalez-DelaCruz et al. [40]

studied Ni/CeO2 catalyst in the steam and dry reforming of

methane by in situ XAS spectroscopy. They found that under

reaction conditions at high temperature, the nickel remains

completely reduced; however, under strongly reducing

conditions, the nickel particles undergo unexpected changes of

size and morphology. These changes were explained on the

basis of strong nickelesupport interaction and could also

account for the higher catalyst stability observed for the dry

reforming reaction. Caballero et al. [41] performed in situ XPS

experiments with Ni nanoparticles supported on a CeO2 thin

film, using ambient pressure photoemission spectroscopy

(APPES) techniques. They explained the apparent contradiction

that althoughSMSI effectswereobservedbutnodecorationhas

been detected in CeO2 supported systems by showing that

hydrogen, absorbed during surface reduction of the cerium

oxide, played a role in the nickel migration, through the

formation of hydride-like species. As the nickel particles and

the carbon impurities are both initially located at the surface of

the ceria thin film used as support, the APPES results also sup-

ported the idea that it was the cerium oxide rather than the

metal that migrated onto the nickel nanoparticles and carbon

impurities.

3.2. Catalyst evaluation

The catalytic performance on the ethanol steam reforming of

the developed catalysts is discussed in the following para-

graphs, based on Figs. 7e10. However, some knowledge about

the catalytic activity of the bare support may be helpful. Silva

[49] has shown that bare YSZ displayed virtually no activity for

ethanol steam reforming at temperatures around 500 �C.

Godinho et al. [50] presented data for this reaction conducted

over ceria nanotube and ceria powder, with a surface area of

28 and 5 m2 g 1, respectively. At a reaction temperature of

500 �C, the ethanol conversion was around 75 and 55% for the

Fig. 7 e Ethanol conversion versus reactor temperature for

prepared electrocatalysts. The samples were previously

reduced with hydrogen and ethanol was injected at 300 �C.

Table 4 e Hydrogen mole consumption obtained from the TPR analyses, the nominal molar load of the samples and the
extension of metal reduction.

Samples TPR hydrogen total consumption of (mols # 10 4) Nominal metal load (mols # 10 4) Reduced metal %

Ni Fe Total

35 Ni 2.10 2.09 e 2.09 100

35 Ni C 0.30 2.09 e 2.09 14

35Fe 2.88 e 1.90 1.90 99

30Fe5NI 2.86 0.26 1.64 1.90 95

20Fe15Ni 2.64 0.72 1.01 1.72 88

Fig. 8 e Hydrogen yield versus reactor temperature for

prepared electrocatalysts.
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nanotubes and powder, respectively; at 600 �C, the nanotubes

presented a 100% conversion. However, ethylene was the

major reaction product, varying from 30 to 50% at the reactor

outlet, with much lower hydrogen production.

Fig. 7 shows the reaction temperature profiles for ethanol

conversion in the steam reforming reaction catalyzed by the

prepared samples. All the catalyst samples presented ethanol

conversions close to or above 80% at 800 �C. Conspicuously,

the 35Ni, 20Fe15Ni and 30Fe5Ni samples showed equivalent

performance for ethanol conversion with no noticeable

dependence on the nickel content of the sample. However, the

ethanol conversion of the 35NiC sample was slightly lower

than that for the 35Ni sample, indicating that there might be

a lower limit to the nickel content of an active catalyst.

Fig. 8 shows the curves for hydrogen yield in the ethanol

steam reforming reaction as a function of temperature. The

profiles for the 35Fe sample indicated that, despite its high

ethanol conversion, its hydrogen yield was very low, showing

that this sample was poorly selective for hydrogen formation.

Furthermore, since the hydrogen yield calculated in this work

is based on the total hydrogen formed in the ethanol steam

reforming (each ethanol molecule forms six hydrogen mole-

cules), any parallel reaction will reduce the hydrogen yield.

Münster and Grabke [42] have shown that iron is almost

inactive, in comparison with nickel, as catalyst for steam

reforming reactions. The addition of iron to cobalt-based

catalysts used in the ethanol steam reforming improved the

catalyst stability but did not affect significantly the catalyst

selectivity to hydrogen [43e45]. O’Shea et al. [43] found that

the average hydrogen select ivies were 74.1, 74.9 and 59.4 for

cobalt catalysts with no iron, 5 and 25% Fe/Co molar ratio,

respectively.

Apart from the 35Fe sample, all the other samples showed

similar behavior of the hydrogen yield increasing with reactor

temperature. Amazingly, the 30Fe5Ni sample, with the lowest

nickel load, exhibited the highest hydrogen yield at temper-

atures above 600 �C. This showed that pure Fe was likely not

a good metal for the reforming of ethanol directly on SOFC

cermet anodes.

However, this behavior might not be so surprising. Belllido

et al. [31] studied the ethanol steamreforming reaction onaNi/

YSZ catalysts with 5, 10 and 15 wt.% of nickel. They observed

that at 600 �C, the hydrogen concentration at the reactor outlet

was67,66and72vol.% for thecatalystswith5, 10and15wt.%of

Ni, respectively. At a reaction temperature of 500 �C, the

hydrogen concentration was 56, 60 and 68 vol.% for the same

catalysts. At 600 �C, the ethanol conversion was nearly

complete for the three catalysts, while at 500 �C, the ethanol

conversion was 91, 99, and 100%. Therefore, at temperatures

above500 �C, thehydrogenyieldwasvirtually insensitive to the

nickel load in the catalyst; at lower temperatures, higher Ni

catalyst loads gave slightly higher hydrogen yields. Since the

hydrogen production was observed to be closely independent

ofNi load [31] and the carbondepositionwasnearly linearwith

Ni load, as will be discussed in this works, onemight conclude

that catalysts with lower nickel load would display better

performance for hydrogen yield.

Fig. 9 shows the methane production for the ethanol

steam reforming, as function of reactor temperature. The

methane production was measured as molar percentage of

the reactor outlet stream. The methane concentration

showed a maximum around 450 �C for all catalyst samples;

likely due to unfavorable thermodynamics conditions for

Fig. 10 e Ethanol conversion versus time on stream for

prepared samples.

Fig. 11 e Carbon mass deposited on the electrocatalysts

during the ethanol steam reforming reaction after six

hours on stream at 650 �C. The mass of deposited carbon is

presented as its percentage of the electrocatalyst mass.

The straight line in the graph correlates carbon formation

with the nickel content of the three catalysts prepared

using the Pechini method.

Fig. 9 eMethane production versus reactor temperature for

prepared electrocatalysts.
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methane conversation, which typically occurs at much

higher temperatures [46]. Thereafter, methane concentration

initially decreased and showed a small maximum at

approximately 750 �C. Ye et al. [47] explained this behavior

based on a slower methane production, during the ethanol

steam reforming, and on favorable conditions for the

methane steam reforming at higher temperatures.

The ethanol conversion for the steam reforming reaction at

650 �C over 6 h is shown in Fig. 10. These results indicated that

the electrocatalyst remained stable during the 6-h period,with

average ethanol conversion exceeding 80% for the samples

containing nickel and prepared using the Pechini method. In

contrast, the average ethanol conversions for the 35NiC and

35Fe samples were 43.5% and 54.8%, respectively. The average

conversions reportedherehadstandarddeviationsof less than

5% of their absolute values. The fluctuations observed in the

ethanol conversion might mostly be due to measurement

errors; the ethanol conversion increase in the initial hour on

stream may be due to residual catalyst activation. Muroyama

et al. [48] were found similar results. Silva [49] evaluated cata-

lysts based on nickel and cobalt supported on YSZ in the

ethanol steam reforming and found that carbonwas deposited

in the initial minutes on stream, remaining constant after-

wards. The BET surface areas of the spent catalyst were well

correlatedwith the amount of deposited carbon (more carbon,

higher surfacearea). Fig. 11presentsdata for carbondeposition

over 6 h on the various electrocatalysts studied. The carbon

mass data are presented as the percentage of the catalystmass

after reduction. These data strongly suggested that the pres-

ence of iron in the samples significantly decreased themass of

carbon deposited on the electrocatalysts. This phenomenon

might be associatedwith the lower activity of iron compared to

nickel for secondary reactions that lead to carbon formation.

Furthermore, Huang et al. [3], studying a composite of nickel

and iron supported on ScSZ exposed to ethanol vapor for 24 h,

found that carbon deposits increased as the nickel loading

increased.

The preparation method of the electrocatalyst also influ-

enced its activity to catalyze reactions that led to carbon

formation. The 35NiC sample prepared using the physical

mixture method formed 17% more carbon than the 35Ni

sample prepared using the Pechini method. This result might

be related to the sizeofmetal crystallites (i.e., larger crystallites

displayed a greater tendency for carbon formation), suggesting

that the carbon formation reaction might be classified as

a “demanding” reaction (following Boudart’s classification of

demandingand facile reactions) [23].Asafinal importantpoint,

the samples containing nickel and prepared using the Pechini

method exhibit a surprisingly linear correlation between the

mass of deposited carbon and thenickel content in the sample.

The rapid depositionof carbonat nickel cermets is probably

the major hindrance for SOFC directaly fed with ethanol [2]. A

further inspection of the literature on the subject will bring

valuable insight. Carbon deposition on different catalyst was

found to be very sensitive to the reaction temperature,

although contradictory results have been reported. Vizcaı́no

et al. [51] found that the carbon was approximately 30 wt.% up

to 500 �C and 50 wt.% above 550 �C, with a slight increase with

temperature; they studied the ethanol steam reforming reac-

tion over CueNi supported on silica. Similar result was found

by Denis et al. [52] studying the same reaction catalyzed with

nickel supported on different metal oxides. These authors

found that the catalyst with 27 wt.% of iron did not show any

improvement toward carbon deposition; however they used

other method for the catalyst preparation. On the other hand,

ChenandLiu [53] foundacarbondepositionof 22and7wt.% for

the ethanol steam reforming carried out for 10 h at 550 and

650 �C, respectively; they used a perovskite-type catalyst of

nickel, iron and lanthanum. Sekine et al. [44] found that iron

addition to Co/SrTiO3 catalyst reduced six-fold the carbon

formation in the ethanol steam reforming.

The size of nickel crystallites was also found to play an

important role in carbon formation; generally smaller crystal-

lites produced less carbon. Sánchez-Sánchez et al. [39] used

nickel supportedonaluminamixedwithdifferentmetaloxides

to study the ethanol steam reforming; they explained the

higher coke production on the catalyst containing zirconia

based on the larger size of its nickel crystallites. Nonetheless,

these authors used a very different approach to explain the

lower carbon formationon thecatalysts containingeither ceria

or lanthana.Ceriamay increase theavailable surfaceoxygen to

enhance the surface oxidation reactions of carbon precursors;

the interaction between nickel and lanthanum species may

prevent coke deposition by reaction with lanthanum oxy-

carbonate. Vizcaı́no et al. [51] found that the addition of copper

to nickel catalysts prevented carbon formation; they explained

this effect suggesting that copper atoms preferentially elimi-

nated large ensembles of Ni metal atoms necessary for carbon

deposition. Li et al. [38] studied the carbon formation from

methane over Ni/CeO2 catalysts prepared by different

methods; the catalyst activity was correlated with the size of

the nickel crystallites, which varied from 20 to 30 nm.

The characteristics of the catalyst support were found to be

very important in the catalyst activity for carbon deposition.

Vizcaı́no et al. [54] found that the Mg addition to Ni/alumina

catalyst reduced the carbon formation in the ethanol steam

Table 5 e Catalyst evaluation on ethanol steam reforming reaction [average values, T[ 650 �C, time-on-stream[ 6 h,
molar water/ethanol[ 3].

Samples Ethanol conversion % Hydrogen yield % Carbon formation, (carbon/catalyst) wt.%

35Ni 44 15 91

35Ni C 86 40 74

35Fe 81 34 31

20Fe15Ni 81 35 9

30Fe5Ni 55 3 6
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reforming by half; this effect was attributed to the neutrali-

zation of acid sites of the support, avoiding ethanol dehy-

dration. Sodium addition to Ni/alumina catalyst almost

completely suppressed carbon deposition in the ethanol

steam reforming, since sodium strongly inhibited the ethanol

dehydration [52]. However, the catalyst activity for steam

reforming was correlated with the carbon formation; gener-

ally it was found that low catalytic performance for ethanol

reforming was related with low activity in coke formation

[51,52].

TEM studies of spent catalyst after carbon deposition from

methane [38] showed that some nickel particles were on the

top of the carbon nanofibers, explaining the low catalyst

deactivation with carbon deposition. The catalyst stability

might also depend on the gasification ability of the carbona-

ceous species [40].

3.3. Catalyst data comparison

Table 5 gives the ethanol steam reforming performance on at

650 �C of the catalysts prepared in this work. The figures were

the average over a period of 6 h on stream, as the data pre-

sented in Fig. 10. Table 6 gives the catalyst performance for the

same reaction presented in the literature; the original repor-

ted data were adjusted for comparison.

Although some care is needed in comparing data from

different sources, the comparison can be very illustrative. For

all reported catalysts, excluding one, the ethanol conversion

wasaround100% in the reaction temperature ranging from500

to 650 �C; the catalysts developed in this work presented

maximum ethanol conversion around 80e90%. The hydrogen

yield showed a much higher variation among the studied

catalysts andmight chiefly reflect the water to ethanol ratio; if

one selects the catalysts evaluated at a water/ethanol molar

ratio equal to three, only the catalysts developed by Chen and

Liu [53] and Resini et al. [10] presented hydrogen yield higher

than that displayed by the catalysts in this work. However, the

former had a metal load much lower than that required by

a SOFC anode (around 35 wt.%); the later presented an usually

high nickel load (50 wt.%), with no qualitative data about

carbon formation.

Finally, the catalysts presented in Table 6 might be classi-

fied by their carbon formation activity. The first class would

encompass the catalysts forming above 40 wt.% of carbon;

they are inadequate as SOFC anode. The second class, the two

catalysts developed by Vizcaı́no et al. [51,54]; however, one

catalyst had a low metal load and the other was tested with

high water/ethanol ratio. The third class, the catalysts devel-

oped by Denis et al. [52] and Profeti et al. [55] with little carbon

formation activity; however, both catalysts had a low metal

load too low for SOFC anode. The catalysts 20Fe15Ni and

30Fe5Ni of this were in second and third classes, both

adequate for SOFC anode on carbon formation basis.

4. Conclusions

The Pechini method studied here for the synthesis of NieFe/

YSZeGDC composites was successfully used to produce

powders with crystallographic and morphological character-

istics suitable for use in SOFC anodes. On the other hand,

materials prepared using the physical method displayed

limitations in particle size, reducibility and hydrogen

production. The samples prepared by Pechini method present

nickel crystallites with diameter in the range of 10e20 nm

after reduction. The small nickel crystallites are more easily

reducible than the larger ones.

The nickel and iron deposited on the support form an alloy

after reduction under diluted hydrogen; this alloy is slightly

lesser reducible than the individual metals. However, it

interacts strongly with the support, improving its catalytic

performance for the ethanol steam reforming and reducing its

activity for carbon formation.

Thecatalystsdeveloped in thisworkpresentgoodhydrogen

yield on the ethanol steam reforming, comparable to catalysts

reported in the literature. The catalyst performance is nearly

independent of its nickel load, down tofigures as lowas 5wt.%.

However, the carbon formed on the catalysts is linearly

correlated with their nickel load. The catalyst with low nickel

load, but totalmetal contents ashighas 35wt.%, producedvery

little carbon, comparable to someof the best catalysts reported

in the literature but with much lower metal load.

Table 6 e Catalyst evaluation on ethanol steam reforming reaction, literature data.

Catalyst Reference Temperature, �C Water/ethanol,
molar

Ethanol
conversion %

Hydrogen yield % Carbon formation,
(carbon/catalyst) wt.%

10%Ni/Zn þ Na [52] 650 4 20 55 (1) 10

17%Ni/LaeFe [53] 650 3 100 73 74

15%NiO/MgO [53] 650 3 e e 190

NiFe2O4 [48] 550 6 100 48 Observed

5%Ni/(CeO2Al2O3) [55] 600 3 98 47 10

50%Ni/YSZ [10] 500 3 100 65 Observed

Cu2eNi14/SiO2 [51] 600 3.7 100 40 44

Cu2eNi14/Al2O3 [51] 600 3.7 99 16 60

Cu2eNi14/MCM-41 [51] 600 3.7 100 53 27

35%Ni/Al2O3 [54] 650 5.5 100 83 52

35%(Ni þ Mg)/Al2O3

[Ni/Mg ¼ 10]

[54] 650 5.5 99 83 54

35%(Ni þ Mg)/Al2O3

[Ni/Mg ¼ 2]

[54] 650 5.5 98 80 28
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Therefore, the NieFe/YSZeGDC composites developed in

this work are highly promising cermets for application as

SOFC anodes, as they have a very high hydrogen yield in the

ethanol steam reforming and very low carbon formation,

along with high metal load.
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