
ww.sciencedirect.com

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 0 ( 2 0 1 5 ) 3 9 8 1e3 9 8 9
Available online at w
ScienceDirect

journal homepage: www.elsevier .com/locate/he
Fe-doped ceria nanopowders synthesized by
freeze-drying precursor method for electrocatalytic
applications
Mariano O. Mazan a, Jaasiel Marrero-Jerez b,c, Analı́a Soldati d,
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In this work iron doped ceria nanoceramics were successfully synthesized through the

freeze-drying method. All the solids were nanocrystalline. The incorporation of iron

reduced the crystallite size with the corresponding increment of specific surface area,

favoured the sintering of the solids that could be achieved at lower temperatures,

increased the reduction percentage achieved in hydrogen flow and increased the amount

and strength of basic sites. The lattice parameter showed a continuous decrease with the

increment in iron content indicating that iron was incorporated into fluorite ceria structure

at concentrations above the solubility limit. Finally, the incorporation of iron improved the

conductivity and reduced the activation energy of the process. The higher reducibility, the

presence of basic sites and the higher conductivity position iron doped ceria materials as

promising anodes for intermediate temperature SOFCs, operated with hydrocarbons.

Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
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Introduction

The rapid increase in the consumption of fossil fuels for en-

ergy production has driven the research in the energy field to

the development of new technologies with reduced environ-

mental impact, the modification of existing technologies to

use the fossil fuels more efficiently and the incorporation of

hydrogen generated from biomass in the energy circuit [1].

In the area of development of new technologies with

reduced environmental impact and high efficiency, fuel cells

have occupied an important position. In particular, Solid

Oxide Fuel Cells (SOFCs), consisted of a ceramic electrolyte

with ionic conductivity by O2� ion diffusion, are promising

candidates for large distributed power generation for sta-

tionary applications (>100 kW), and also for small residential

and very small scale portable power generation units (from 1

to 10 kW) [2]. One of the main advantages of SOFCs over the

other types of fuel cells is their capacity for processing a va-

riety of fuels like natural gas, light hydrocarbons, bioalcohols,

and H2-rich streams obtained from fossil fuels or biogas

[2e11]. This type of fuel cells has a set of constitutivematerials

well established with good performance at high temperatures

(>900 �C) [9e11]: Ytria Stabilized Zirconia (YSZ) as electrolyte,

a nickel-electrolyte composite (Ni/YSZ “cermet”) as anode and

a Lanthanum StrontiumManganite (LSM) as cathode. The YSZ

electrolyte restricts the operating temperature to the region of

its good ionic conductivity: 0.1 S cm�1 at temperature above

900 �C. This high operating temperature leads to high costs

and material degradation problems. Nowadays, the in-

vestigations are focused in the reduction of the operating

temperature to the intermediate temperature range

(500e700 �C) in order to make this technology economically

feasible [5e10]. However, lowering the operating temperature

reduces the kinetics of the processes that take place at the

Three-Phase Boundary (TPB) on the electrodes surfaces,

increasing the associated polarization resistance. One way to

partially avoid this negative effect is the development of

electrode materials with porous structure and mixed ionic

and electronic conductivity, which allows the charge transfer

reactions to take place, in principle, at the whole surface.

Many materials with different structures (spinel,

pyrochloric, perovskite, etc.) have been tested as anodes.

However, CeO2-based materials with fluorite structure appear

to be the most promising because their resistance to coke

formation and sulphur poisoning and their ability to oxidize

the carbon that may be formed in reactions with hydrocar-

bons [8e11]. Despite the good characteristics mentioned,

these materials have poor electronic conductivity and

morphological stability. It is well-known that doping with

aliovalent cations leads to oxides with enhanced ionic con-

ductivity due to the formation of oxygen ion vacancies. In this

sense, Gd3þ with smaller ionic radius than that of cerium

cation, has been intensively studied as ceria dopant specially

as electrolyte material [12e15]. In recent years, many re-

searchers have synthesized iron doped ceria solids for

different catalytic and SOFCs applications [16e23]. It is very

well-known that iron exhibits a very low solubility limit in

ceria structure when solid state reaction is used as the syn-

thesis process (<1 mol%) [24]. However, synthesis of
nanomaterials can favour the solubility of larger amounts of

iron thus increasing oxygen ion vacancies. The synthesis of

CeeFe mixed oxides through mild processes yields very small

particles in the nanoscale range. Nanostructured cerium ox-

ides are expected to be good hosts for iron oxide and stabilize

much more iron in solid solution than ceria composed of

microscopic or larger crystals.

In this work, we present the synthesis and the character-

ization of nanosized Ce1-xFexO2-d mixed oxides, with x ¼ 0, 0.1

and 0.2, by the freeze-drying precursor method, as possible

materials for anodes of SOFCs of intermediate temperature.

The effect of iron doping on the total conductivity of the

resulting material is especially studied.
Materials and methods

Synthesis of nanostructured solids

The CeO2eFe2O3 solids were synthesized through the freeze-

drying method with different atomic ratios (Fe/(Ce þ Fe) ¼ 0;

0.1 and 0.2). The samples were nominated according to their

iron atomic content as 0Fe, 10Fe and 20Fe, respectively. The

required amounts of Ce(NO3)3$6H2O (SigmaeAldrich, 99.99%)

and Fe(NO3)3$9H2O (SigmaeAldrich, 99.99%) to obtain the

desired compositions were individually dissolved in distilled

water under magnetic stirring. EDTA (SigmaeAldrich, 99.4%)

was dissolved in an ammonia solution to be used as com-

plexing agent, in a 1:1 ligand to metal molar ratio, to avoid

precipitation. The pH of the solution, initially acid, was

adjusted to 7e8 by adding aqueous ammonia. Droplets of the

as-obtained solution were subsequently flash-frozen by

pouring them into liquid nitrogen. Afterwards, the systemwas

freeze-dried for 3 days (Heto freeze-dryer Lyolab 3000, Thermo

Scientific, USA). The precursor was immediately calcined at

350 �C for 2 h with a heating ramp of 10 �C min�1.
Characterization techniques

X-ray powder diffraction patterns (XPD, X'Pert Pro-automated

diffractometer, PANalytical, USA) were acquired with a

BraggeBrentano configuration, a primary monochromator,

CuKa1 radiation and a X'Celerator detector, in the 10�e120� 2q
range. Rietveld refinements were performed for all the pat-

terns using the Fullprof Suite software (Windows version,

September 2012) [25]. Fluorite-type cubic structure was

assumed (Fm3m space group) with Ce4þ and Fe3þ cations in 4a

and O2� anions in 8c positions; pseudo-Voigt peak shape was

considered. The lattice parameters of the different samples

were obtained from the refinements. Besides, crystallite sizes

were estimated by applying the Scherrer equation (Eq. (1)) [26]:

Dhkl ¼ 0:9$l
bhkl cos q

(1)

where Dhkl is the crystallite size obtained from the line

broadening corresponding to the (hkl) Bragg peak, 0.9 is a

shape constant, l is the wavelength of the incident X-ray ra-

diation, bhkl is the width of Bragg peak at half maximum in-

tensity after subtracting the instrumental contribution. The
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(111) Bragg peak, which is themost intense in the fluorite-type

structure, was selected for the crystallite size determination.

N2-adsorption and desorption isotherms were obtained at

(�196 �C) (Gemini 2365, Micromeritics, USA). The samples

were previously degassed at 125 �C during 16 h. The Bru-

nauereEmmetteTeller (BET)methodwas used to calculate the

specific surface areawith the adsorption points corresponding

to the 0.05e0.35 relative pressure range.

The morphology of the samples was examined by Scan-

ning Electron Microscopy (SEM, Jeol JSM-6300, Japan) provided

with Energy Dispersive X-ray Spectroscopy (EDS, D6699-ATW,

Oxford Instruments, UK). High Resolution Transmission

Electron Microscopy (HR-TEM, Philipps CM 200UT, The

Netherlands) with ultra-twin lens and a LaB6 filament oper-

ated at 200 keV was used to get images in order to see grain

sizes and their distribution. The instrument was also provided

with a system to perform EDS (EDAX©) to analyse the chemical

composition in different sample points. For TEM studies,

samples were prepared by dispersing some milligrams of

material in isopropyl alcohol by sonication during five mi-

nutes. A drop of the solution was transferred into a TEM

copper grid coated with a carbon film and let dry in air.

Temperature Programmed Reduction with hydrogen (H2-

TPR, Autochem II 2920, Micromeritics, USA) was used to

characterize the reducibility of the solids. Samples of 40 mg

were degassed during one hour, with a 50 mL(STP) min�1 He

flow, at 300 �C (heating ramp of 10 �C min�1). After cooling

down to room temperature, the reactor was heated up to

900 �C, at 10 �Cmin�1 in a 50 mLmin�1 flow consisted of 5 mol

% H2 in Ar balance, while collecting the equipment output

signal. The H2 consumption and the percentage of reduction

were calculated for each sample.

Carbon dioxide Temperature Programmed Desorption ex-

periments (CO2-TPD, Autochem II 2920, Micromeritics, USA)

were also performed to study the relative strength of basic

sites on solids surface. Samples of 100 mg were degassed

during one hour, in a 50 mL (STP) min�1 He flow, at 300 �C
(heating ramp of 10 �C min�1). The system was cooling down

to 30 �C and kept at this temperature during one hour. After-

wards, the reactor was purged with a 50 mL min�1 He flow

during 90 min. Finally, the reactor was heated up to 900 �C, at
10 �C min�1, with the same He flow while collecting the

equipment output signal.
Preparation of sintered disks

In order to determine the overall conductivity of the synthe-

sized materials it was necessary to prepare dense disks. The

mixed oxides were uniaxially pressed up to 98 MPa, then

milled and uniaxially pressed again up to 196MPa. In this way,

the air trapped inside the powders was eliminated. Pre-

liminary sintering tests were performed with the disks in

order to meet the conditions necessary to achieve densifica-

tions above 95%. Samples 10Fe and 20Fe reached 95% after

being calcined at 1400 �C during 4 h. On the other hand,

sample 0Fe only reached 90% densification after calcination at

1600 �C during 4 h. After the sintering process, disk mor-

phologies were observed by SEM images.
Total conductivity measurements

Total conductivity was measured by Electrochemical Imped-

ance Spectroscopy (EIS, Solartron 1260, UK). As current col-

lector a thin layer of Pt-ink (Metalor) was deposited on each

side of the sintered pellets and then calcined at 900 �C for

30 min. Impedance spectra were collected in the 0.1 Hz to

1 MHz frequency range, with an AC signal of 50e100 mV, in

atmospheric air, at isothermal conditions, in the 150e850 �C
temperature range. Each measurement was performed after

reaching a stable temperature. The dependence of conduc-

tivity with temperature was fitted with the Arrhenius

equation:

s ¼ s0

T
exp

�
�Ea

RT

�
(2)

where s is the conductivity, Ea is the activation energy, T is the

absolute temperature and R is the universal gas constant.
Results and discussion

Characterization

Fig. 1(a) presents the XPD patterns of the three samples. All

peaks can be assigned to the cubic fluorite structure of cerium

dioxide; no additional peaks were observed. The position of

the Bragg peaks slightly shifts to higher 2q angles as the iron

content grows, indicating the contraction of the unit cell. This

shift can be observed in the 2q region corresponding to Bragg

peak (111) presented in Fig. 1(b). With the increasing concen-

tration of iron the peaks become wider indicating that the

crystallite size diminishes. It is important to remark that XRD

Bragg peaks are symmetrical indicating homogeneity in

composition.

The results of the Rietveld refinement are summarized In

Table 1. The lattice parameter diminisheswith increasing iron

content. Many authors [22,23,27,28] attributed this shrinkage

of the cerium oxide lattice to the substitution of the Ce4þ

cation (0.097 nm) by the smaller Fe3þ cation (0.078 nm) [29]. Li

et al. [23] and Zhu et al. [30] observed the decay in the lattice

parameter at iron concentrations of 20 at.% and 10 at.%,

respectively, and the segregation of a second phase of a-Fe2O3.

Kim [31] proposed an experimental equation to predict the

variation of ceria lattice parameter (see Eq. (3)).

a ¼ 0:5413 þ
X
k

ð0: 0220Drk þ 0:00015Dzk Þmk (3)

where “a” (nm) is the lattice parameter of ceria mixed oxide at

room temperature, Drk (nm) is the difference in ionic radius

between the kth dopant and the Ce4þ host cations, in eightfold

coordination, Dzk is the valence difference (zk � 4), and mk is

themolar percentage of the kth oxide incorporated in the ceria

structure.

In Fig. 2, lattice parameters determined by Rietveld

refinement and those predicted by Kim's equation for doped

ceria samples are plotted together as a function of the iron

atomic percentage. All lattice parameters are much higher

than those predicted by Kim's equation as it would be ex-

pected for nano-sized crystallites [32].
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Fig. 1 e (a) XRD patterns of the three samples; (b) Expansion

of the 2q region corresponding to Bragg peaks (111) and (2 0

0).

Fig. 2 e Plot of lattice parameter obtained from Rietveld

refinement of XPD patterns and Kims' predicted values as a

function of iron content.
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Table 1 shows that crystallite size is influenced by iron

content. Comparing with pure ceria it is possible to observe

that a doping level of 10 and 20 at.% reduces crystallite size in

43% and 67%, respectively. The crystallite sizes reported here

are among the smaller reported in the literature

[23,27,28,30,33]. The very low crystallite size helps to stabilize

the iron in the structure much above the solubility limit.

SEM images are presented in Fig. 3. It is possible to see a

large amount of pores with no visible differences in the pore

structure for the three samples. In addition, the particles

looked agglomerated in accordance with the high
Table 1 e Lattice parameter and c2 factor obtained from Rietve
equation (DXPD) and HRTEM (DHRTEM). In the latter case the nu
BET specific surface area obtained from physisorption results (S
ratio (DBET/DXPD).

Sample
name

Lattice
parameter (Å)

c2 DXPD (nm) DHRTEM (nm

0Fe 5.421(5) 1.239 5.6 7.2 ± 2.4 (N ¼ 1

10Fe 5.401(2) 1.773 3.17 4.4 ± 2.0 (N ¼ 1

20Fe 5.387(4) 2.086 2.42 3.2 ± 0.5 (N ¼ 8
agglomeration ratio estimated from physisorption measure-

ments (Table 1). EDS chemical analysis was performed in

different regions and the compositions obtained were

consistent with the nominal values.

The TEM, HRTEM images, Selected Area Electron Diffrac-

tion patterns (SAEDs) and particle size histograms for the

three samples are presented in Fig. 4. The SAEDs were recor-

ded for areas containing a large number of particles. The

concentric rings observed in these patterns are the result of

the diffraction coming from a large number of small crystal-

lites in all possible orientations. The rings are becoming

continuous when iron content increases to 20 at.% indicating

the nano-crystallinity of this sample. It is possible to reach the

same conclusion after analysing the histograms obtained

fromHRTEM images. The particle size distribution is narrower

and has lower average values as iron content increases. EDS

results obtained during SEM and HRTEM experiments are

consistent with the nominal composition of each sample.

Fig. 5 shows the N2 adsorption isotherms. The isotherms

are type II according to the IUPAC classification [34]. This kind

of isotherm corresponds to monolayer-multilayer adsorption

schema. Table 1 contains the BET specific surface area (SBET),

the diameter of the equivalent spherical particle size (DBET)

and the agglomeration ratio (DBET/DXRD). The specific surface

area duplicates its value when iron content goes from 0 to

10 at.%, but no further increment is observed in sample 20Fe.
ld refinement; crystallite sizes obtained from Scherrer
mber of particles considered is also informed as number N;
BET); spherical particle diameter (DBET) and agglomeration

) SBET (m2 g�1) DBET ¼ 6.(r.SBET)
�1 (nm) DBET/DXPD

00) 20 42 7.5

36) 39 23 7.3

8) 40 22 9
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Fig. 3 e SEM images microscopies of (a) 0Fe, (b) 10Fe and (c) 20Fe.

Fig. 4 e HRTEM high resolution images, particle size histograms and diffraction patterns for samples a) 0Fe; b) 10Fe and c)

20Fe.
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Fig. 5 e N2 adsorption isotherms at (¡196 �C).

Fig. 6 e H2-temperature programmed reduction (H2-TPR)

profiles.
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The agglomeration ratio is quite high, with similar values

in samples 0Fe and 10Fe (7.5 and 7.3, respectively) and slightly

higher in sample 20Fe (9). These findings are in agreement

with the SEM and TEM images shown in Figs. 3 and 4.

H2-TPR profiles are presented in Fig. 6. Sample 0Fe, corre-

sponding to pure ceria, shows two peaks. The first one cor-

responds to the reduction of surface cerium oxide and the

second peak corresponds to the reduction of bulk cerium
Table 2 e Temperature of peaks maxima in H2-TPR profiles; pe
experiments; mmol of CO2 desorbed per gram of powder in CO

Sample T Peak 1 (�C) T Peak 2 (�C) T Peak 3 (�C) T Pe

0Fe 400e570 813 e

10Fe 305 425 705

20Fe 420 640 820
oxide [28]. There can be many different surface cerium atoms

(cerium in pores and cerium on grain surface) that could be

reduced through different reaction mechanisms. This can

generate different reaction rates andmake the first peakwider

[35]. On the other hand, ferric oxide reduces in two or three

steps as it is presented in the literature [28,36]. Laguna et al.

[28] presented a two-step reduction process from Fe2O3 to

Fe3O4 and then to Fe0, while Zielinzki et al. [36] proposed an

alternative reduction mechanism with the reduction of Fe3O4

to FeO and then to Fe0.

The H2-TPR patterns showed two extra peaks for sample

10Fe, which, according to hydrogen consumption, would

correspond to the reduction of Fe3þ to Fe2.33þ. Sample 20Fe

only shows an extra peak at 640 �C, but the first peak seems to

be an overlapping of Fe3þ and surface cerium sites reduction.

To confirm the species participating in the reduction process it

would be necessary to perform “in situ” spectroscopy experi-

ments. However, it is important to realize that both samples,

10Fe and 20Fe, started to reduce at lower temperatures

(~200 �C in both cases) than the pure ceria (327 �C) and pure

iron oxide (350 �C), indicating the beneficial effect of iron

doping on the material reducibility. The temperatures of the

reduction peaks and the reduction percentage calculated from

hydrogen consumption and initial reducible species are

summarized in Table 2. It is possible to see that sample 0Fe

reached a lower reduction percentage (34%), while iron sam-

ples 10Fe and 20Fe reached 55% and 62%, respectively. These

results indicate the easier reducibility of iron-doped samples.

In applications as anodes of SOFCs, this feature positively

contributes to the easy oxidation of fuel in the anode

chamber.

Carbon dioxide is a weak acidmolecule used to analyse the

relative strength of basic sites on oxide surfaces. In our sam-

ples, carbon dioxide adsorption may take place through the

interaction with oxygen anions (O2�), to give carbonate

structures, or oxygen vacancies, leading to the formation of

carbonyl groups. Due to the fact that ceria is doped with an

aliovalent cation (Fe3þ), it is expected an increasing number of

oxygen vacancies with the increment in iron doping, causing

an increase in CO2 adsorption.

In Fig. 7 the CO2-TPD results are shown. All powders pre-

sent two peaks. The peak temperature is related to the

strength of the corresponding basic site associated with the

desorption process. If CO2 is desorbed at lower temperature,

the sites are weaker [37]. In our samples, the first peak is

located at the same temperature (102 �C) for the three com-

positions. This peak is associated to the presence of weak

basic sites probably related with oxygen ions of the ceria

structure. On the other hand, the second peak is located at

different temperatures for the three compositions. For sam-

ples 0Fe and 10Fe it is located at 452 �C, while for sample 20Fe
rcentage of reduction achieved at the end of H2-TPR

2-TPD experiments.

ak 4 (�C) Reduction percentage CO2 desorbed (mmol/g)

e 34 0.60

840 55 0.78

e 62 0.91
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Fig. 7 e CO2-temperature programmed desorption (CO2-

TPD) profiles.

Fig. 9 e Arrhenius plot of total conductivity dependence

with temperature.
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it is at 602 �C. In the latter case, the signal is broad, starting at

327 �C and vanishing at 730 �C, indicating the presence of

adsorption sites of higher strength.

Table 2 lists the amount of CO2 desorbed in CO2-TPD ex-

periments. The large amount of CO2 desorbed by sample 20Fe

explains the prevalent basic character of this sample. This

feature could prevent the formation of carbonaceous residues

in the anode chamber of intermediate temperature SOFCs

operated with hydrocarbons.
Fig. 8 e SEM images of sintered disks m
Total conductivity measurements

The micrographies of the sintered disks used in total con-

ductivity measurements are shown in Fig. 8. Sample 0Fe has

approximately 35 mm mostly uniform grain sizes. Samples

10Fe and 20Fe have a wider range of grain sizes with average

values of 30 and 18 mm, respectively. The sample 20Fe has the

smaller grain sizes indicating that the incorporation of iron

avoids grain size growth.
ade of (a) 0Fe, (b) 10Fe and (c) 20Fe.
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In Fig. 9, the typical Arrhenius plot of the dependence of

total conductivity with temperature is presented. The substi-

tution of cerium cations by iron cations improves total con-

ductivity due to anionic vacancy formation and the presence

of the Fe3þ/Fe2þ couple. A linear relation fits in case of sample

10Fe, as the Arrhenius equation predicts. For the other two

samples two regions of linear relationship are observed:

150e600 �C and 700e800 �C for sample 0Fe and 150e450 �C and

500e800 �C for sample 20Fe.
Conclusions

Iron doped ceria was successfully synthesized through the

freeze-drying method. All the solids were nanocrystalline.

The incorporation of iron into the fluorite ceria structure re-

duces the crystallite size and the lattice parameter, increases

the specific surface area and favours the sintering of the solid,

which could be achieved at lower temperatures. Besides, the

reducibility and the amount and strength of basic sites are

also improved as well as the total conductivity.

All the above mentioned properties of iron doped ceria

materials position them as promising materials for anodes of

SOFCs operated with hydrogen o hydrocarbons.
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