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a b s t r a c t

Various metal oxide materials have been actively investigated to improve energy efficiency

as exhaust-catalyst as well as electrodes in electrochemical devices such as fuel cells,

ceramic sensors, photo-catalyst etc. Ceria-based materials are of great interest due to their

wide applications; such as redox or oxygen storage promoter in automotive catalyst and

solid state conductor in fuel cells. Here we report redox and electrical properties for

Ce1�xMxO2�d (M ¼ Ni, Cu, Co, Mn, Ti, Zr) by X-ray diffraction (XRD) and simultaneous

thermo-gravimetric analysis (TGA). Among various system, Ce1�xCuxO2�d and Ce1�xNixO2�d

indicated relatively reversible redox behavior, although Cu2þ and Ni2þ had limited solid

solubility in CeO2. The enhancement of oxygen carrier concentration and electrical con-

ductivity as well as electrochemical activity in the ceria lattice by the introduction of small

amounts transition metal cations have been considered in this study. Ce0.7Cu0.3O2�d

showed about 1015 mmol[O2]/g of oxygen storage capacity (OSC) with high redox stability at

700 �C. We also demonstrated that Ce0.9Ni0.1O2�d was used as an anode of the YSZ elec-

trolyte supported SOFC single cell; the maximum power density was 0.15 W/cm2 at 850 �C

with hydrogen fuel.

Copyright © 2015, The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy

Publications, LLC. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).
Introduction

In order to achieve a sustainable future, energy conversion

and storage systems with high efficiency and environmen-

tally friendly technology are required. Various metal oxide

materials have been actively investigated to improve energy

efficiency as exhaust-catalyst as well as electrodes in

electrochemical devices such as fuel cells, ceramic sensors,
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etc. As the technology matures, parameters such as reli-

ability and durability under severe conditions such as redox,

and fuel flexibility become more vital for high efficiency

systems. There is therefore an innovative research oppor-

tunity for reversible oxide materials for next generation

electrochemical devices. Reversible metal/metal oxide

systems provide a key entry strategy for next generation

energy conversion/storage systems into the current energy

economy.
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Ceria has the Fluorite structure with space group Fm3m,

and it can stably retain this structure under reduction

conditions at elevated temperatures even though Ce4þ

would be reduced to Ce3þ with an oxygen loss. The amount

of lattice oxygen in ceria that can be reversibly exchanged is

represented by oxygen storage capacity (OSC) [1]. For that

reason, ceria based-solid solutions with controllable particle

size and dopant concentrations are also of attractive

fundamental significance because of their potential appli-

cation for oxide ion conduction, exhaust-catalysis, water

gas shift (WGS) catalysis, solar cells, three way catalyst,

oxygen carrier loop system and solid oxide fuel cells (SOFCs)

[2e9]. In particular, not only the OSC but also the electrical

conductivity of ceria can be enhanced by isovalent and

multi-valent transition metal ion substitution in CeO2. For

example, Fronasiero et al. reported the redox behavior of

Ce1�xZrxO2 solid solution and indicated that OSC and redox

stability were significantly improved by Zr, doping [10,11].

Ce1�xCrxO2�d was synthesized and the best composition was

optimized as Ce2/3Cr1/3O2�d to give a high OSC material by P.

Singh et al. [12].

The interrelation between the ionic radius and redox po-

tential of the dopant element has been widely studied to

enhance the oxidation catalytic activity of the doped ceria

[13e19]. Balducci et al. demonstrated that the lower reduc-

tion energy of the catalyst was effectively related to the

larger ionic radius of dopant. Larger dopants tend to facilitate

Ce4þ/Ce3þ reduction in accord with the increase in ionic size

associated with the Ce reduction (radius Ce3þ ¼ 1.143 Å and

Ce4þ ¼ 0.97 Å) [18,19]. For certain noble metals such as Pt, Pd,

Cu and Rh, calculation also shows a significant lowering of

the calculated reduction energy [20]. Andersson et al., also

reported that the reducibility of doped ceria (Si, Ge, Sn and

Pb) was enhanced with decreasing ionic radius. From their

results, however, some dopants did not follow this de-

pendency on the ionic radius and this indicates that e.g. in-

fluences on the electronic structure from the dopant are also

important factors in lowering the reduction energy. It is

obviously instructive to consider the effect of the driving

force of the electronic structure of the dopant, and the effect

of the ionic size for the design of next generation reversible

oxide storage materials. Here we investigate the redox

behavior of various doped cerias using simultaneous

thermo-gravimetric analysis (TGA) and electrical conduc-

tivity measurement on redox cycling. With this information,

one can monitor the stability and electrical properties of

doped ceria. Ce1�xMxO2�d (M ¼ Ni, Cu, Co, Mn, Ti, Zr) were

investigated and both the redox properties related with OSC

and electrical conductivity were considered when screening

a suitable dopant for ceria. Ni and Cu have been widely used

for the conventional SOFC anode materials as the mixture

with YSZ (8 mol% Yttria Stabilized Zirconia) and GDC (10 mol

% Gadolinium Doped Ceria), but these metals are usually

used above 40 wt% of the total anode amount and easily

coarsened and agglomerated at high temperature. For

applying the nano-sized metals on YSZ back skeleton, infil-

tration methods are widely employed, although these may

still undergo coarsening and agglomeration of the metal

particles due to the high operating temperature. In our study,

Ce0.9Cu0.1O2 and Ce0.9Ni0.1O2 showed high redox stability and
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OSC, and were also applied as the SOFC anode to analyze

their electrochemical activity for hydrogen oxidation in an

electrolyte supported single cell.
Experimental

Preparation of powders

For a preparation for doped ceria powders of Ce1�xMxO2

(M ¼ Ni, Cu, Co, Mn, Ti, Zr), nitrate precursors was mixed in a

beaker with 100 ml deionized-water and then this solution

was heated on a hotplate to dryness from Ce(NO3)3·6H2O

(99.9%, SigmaeAldrich Co. LLC, UK), Ni(NO3)2·6H2O (99%, Alfa

Aesar, USA), Cu(NO3)2·3H2O (99%, SigmaeAldrich Co. LLC,

UK), Zr(NO3)2·XH2O (99%, Aldrich Co. LLC, UK), Co(NO3)2·6H2O

(99%, SigmaeAldrich Co. LLC, UK), C6H18N2O8Ti (Sigma-

eAldrich Co. LLC, UK.) and Mn(NO3)2·6H2O (98%, Alfa Aesar,

USA). After this, the ashes were fired to fully remove nitrate

at 350 �C and its powder was calcined at 400 �C for 2 h and

700e1000 �C for 6 h, respectively for crystallization. The

resulting powder was then ground, re-pressed and fired at

1300 �C for 5 h for measuring the electrical conductivity.

Fabrication of single cells

The electrolyte supported single cells were employed to

measure their electrochemical activity with hydrogen fuel.

The YSZ powder was pressed into pellets and fired in air at

1500 �C for another 12 h to obtain a dense support.

The screen printing inks were prepared by de-

agglomerating the doping ceria powder as an anode material

using planetary ball milling in a-terpineol with 10 wt% of

Hypermer KD1 dispersant (Uniqema). After this step, the de-

agglomerated slurry was added to an ink vehicle, consisting

of 15 wt% PVB (polyvinyl butyral, Butvar, SigmaeAldrich) in a-

terpineol. This mixture was mixed by planetary ball milling

again. This ink was screen-printed onto a dense YSZ support

(500 mm) with thickness of 100 mm and fired at 1200 �C for 3 h.

LSCF-GDC cathodes were prepared with above method and

fired at 1000 �C for 2 h. In these button cells, both anode and

cathode had a surface area of 1 cm2.

Characterization methods

The crystalline phase was identified by using X-ray diffraction

(XRD, PANalytical Empyrean diffractometer, Netherlands)

with reflection mode using Cu Ka radiation. The diffraction

data were refined by the Rietveld method, using the program

General Structure Analysis System (GSAS) and STOE Win

XPOW. Thermal gravimetric analysis (TGA, NETZSCH TG 209,

NETZSCH Geraetebau GmbH, Germany) was carried out with a

heating& cooling rate of 10 �C/min to evaluate the oxygen loss

and accommodation on redox cycling in air/5% H2 in the

compositions synthesized. Electrical conductivity was

measured on the sintered pellets by the standard four termi-

nal DC methods or Van Der Pauw method up to 850 �C in

ambient air. A current of 100 mA (model: Keithley 220,

Keithley Instruments Inc., U.S.A.) was applied in both di-

rections, and resistance was calculated as a gradient of
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potential vs. current. For themeasurement of single cells with

hydrogen fuel from 650 �C to 850 �C, IV and impedance data

between 105 Hz and 0.1 Hz were recorded using an IM6 and

ZENNIUM workstation (Zahner-Elektrik GmbH & Co.KG,

Germany).
Results and discussion

The calcined powders of Ce1�xMxO2�d (M ¼ Ni, Cu, Co, Mn,

Ti, Zr) (0 � x � 0.1) were obtained as a fluorite crystalline

phase of space group Fm3m. Fig. 1 shows the XRD patterns

of 0.1 mol doped ceria Ce0.9M0.1O2�d (M ¼ Ni, Cu, Co, Mn, Ti,

Zr) calcined at 1000 �C and there were no significant sec-

ondary peaks. Structural parameters of Ce1�xMxO2�d

(M ¼ Ni, Cu, Co, Mn) (x ¼ 0.1) are presented in Table 1 and

Fig. 2. Since the substitution of 2þ/3þ smaller valance dop-

ants (M ¼ Ni, Cu, Co, Mn) for Ce4þ (ionic radius ¼ 0.97 Å) in

Ce1�xMxO2�d, slightly decrease lattice parameters in accord

with smaller charge valence of transition metal dopant than

4þ valance of Ce. Broadly, the lattice constants as ionic

radius increase; however, shows almost constantly linear as

shown in Fig. 2. It suggests that oxygen content are probably

more important oxygen vacancies created by doping and

lead to an increase in lattice parameters due to the loss of

M(Ce)eO bonding length [21e27]. In any case, all lattice

parameters of Ce1�xMxO2�d (M ¼ Ni, Cu, Co, Mn) (0 � x � 0.1)

deviate in accord with ionic radius from that of 5.41103 Å of
Fig. 1 e Powder XRD patterns of Ce1¡xMxO2¡d (M ¼ Ni, Cu,

Co, Mn, Ti, Zr) (0 ≤ x ≤ 1), synthesized 1000 �C for 6 h.

Table 1 e Lattice parameter of Ce0.9M0.1O2¡d (M ¼ Co, Ni, Cu, M

Compounds Ionic radius (M) (Å) Lattice parameter (a

Ce0.9Co0.1O2�d 0.65 [23,25] 5.411129 (02)

Ce0.9Ni0.1O2�d 0.69 [25,26] 5.411092 (29)

Ce0.9Cu0.1O2�d 0.73 [22,25] 5.41172 (05)

Ce0.9Mn0.1O2�d 0.96 [24,25] 5.41174 (25)

CeO2�d e 5.41103 (05)
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pure ceria [28], suggesting that above metal dopants are

soluble in ceria lattice.

In addition, because of lower redox couple potential of Cu,

and Ni compared to Ce4þ/Ce3þ (1.61 V) as shown in Table 1,

these divalent metal dopants may give a synergistic interac-

tion for oxygen storage and regenerate between Ce ORR and

dopant redox potential. Consequently, Cu, Ni and Co doped

ceria show good stability during redox cycling testing as po-

tential candidate materials related with OSC application in

this study.

For redox cycling tests, a powder calcined at 700 �C was

exposed alternately to air and 5% H2 during TGA analysis. In

particular, the Cu doped material shows more stable redox

cycling and higher oxygen capacity behavior than others up

to 700 �C. As shown in Fig. 3a, the ranking of performance, i.e.

Ti ≪ Mn < Cu � Ni < Co, for the OSC of Ce0.9M0.1O2�d

approximately correlates with the decreasing order of lattice

volumes [29]. It might be explained by considering that the

reducibility of doped ceria was enhancedwith the decreasing

ionic radius and oxygen defect formation energy would be

closely related with lattice distortion from not only various

dopant ionic radius size but also redox couple potential. It

seems more likely that related factors determine the lattice

volume and OSC, rather than a direct relationship existing.

Furthermore, Fig. 3b shows TGA analysis of Ce1�xCuxO2�d

(x ¼ 0.1, 0.2, 0.3 mol% in ceria) during redox cycle at 700 �C
and an OSC value was improved to 1015 from 343.75 mmol

[O2]/g at 700 �C by increasing the amount of Cu (0.1e0.3 mol

%) in ceria.

To confirm the electrochemical stability, electrical prop-

erties of Ce1�xMxO2�d (M ¼ Mn, Ti, Cu, Ce, Ni) were measured

and Fig. 4 shows its electrical conductivity as a function of

various metal dopants in ceria.

Accordingly, small metal dopants exhibited little influ-

ence on conductivity but Zr4þ and Ti4þ, isovalent type dop-

ants, gave rise to a slight increase in ceria conductivity and

activation energy was close to 1.42 eV for CeO2 reference

sample. However, isovalent type doped Ce0.9M0.1O2�d for

M ¼ Zr, Ti shows 1.19 and 0.88 eV, respectively. On the other

hand, transition metal doped ceria, Mn shows also much

decreased value with 1.05 eV but bivalent doped Cu and Ni

shows slightly increased activation energy with 1.45 eV and

1.44 eV respectively even though there were no much effect

on their total conductivity. The addition of dopant cations in

ceria decreases the activation energy for oxygen vacancy

diffusion.

This decrease may be due to the break-up of attractive

interactions between dopant cations and oxygen defect

formation. Among various metals as dopants in ceria, alio-

valent metals; Cu, Ni and Mn show reasonable electrical
n) calcined in air at 1000 �C.

/Å) Lattice volume (Å3) Redox couple potential (V)

158.4396 (01) 1.92 V/Co3þ/2þ

158.4363 (15) 0.257 V/Ni2þ/0

158.4913 (27) 0.340 V/Cu2þ/0

158.4932 (13) 1.5 V/Mn3þ/2þ

158.4311 (25)
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Fig. 2 e Structural parameters of Ce0.9M0.1O2¡d (M ¼ Ni, Cu,

Co, Mn) calcined at 1000 �C as a function of the dopant ionic

radius.

Fig. 3 e TGA analysis of during redox cycle Ce1¡xMxO2¡d

(M ¼ Ni, Cu, Co, Mn, Ti, Zr) (0 ≤ x ≤ 0.3), exposed to air and

5% H2 repeatedly; weight changing of Ce0.9M0.1O2¡d

(M ¼ Ni, Co, Ti, Cu, Mn) under redox 5 cycles (a),

TGA analysis of Ce1¡xCuxO2¡d (0 ≤ x ≤ 0.3) during

redox (b).

Fig. 4 e Electrical conductivities of Ce1¡xMxO2¡d (M ¼ Zr,

Mn, Ti, Cu, Ni) (0 ≤ x ≤ 0.1) in air with elevated temperature

up to 900 �C.
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conductivity and a higher amount of lattice oxygen as OSC

materials that can be reversibly exchanged from CeO2.

On the other hand, for some transition metals including

Mn, however, reversibility in redox cycle seems poorer than

the Cu and Ni doped one. Ce0.9M0.1O2�d (M ¼ Ni, Cu) were

closed to single phases, high redox stability and high OSC

which would be employed on solid oxide fuel cell as an

anode.

Fig. 5 shows the cell performance and impedance spectra

of CeO2/YSZ/LSCF-GDC, Ce0.9Cu0.1O2�d/YSZ/LSCF-GDC and

Ce0.9Ni0.1O2�d/YSZ/LSCF-GDC single cells with hydrogen

fuel. The performance of CeO2 anode was 4.1 mW/cm2 at

850 �C. However, the potential curves were not stable over

all temperatures due to extremely low catalytic activity. The

low catalytic activity seemed not only to affect the absorp-

tion and transfer between hydrogen molecule and ions on

CeO2, but also the redox coupling reaction of pure ceria

anode with unstable partial oxygen pressure ðPO2 Þ of the

anode surface. Ce0.9Cu0.1O2�d was also showed slightly un-

stable potential curves possibly caused by phase decompo-

sition by a low solubility of Cu in CeO2 at high temperature,

while the performances were higher than that of pure CeO2

anode. In the case of Ce0.9Ni0.1O2�d anode, the doping with

Cu or Ni metals stabilized the Ceria reduction and increased

the electrochemical activity for hydrogen reduction. The

anode of SOFCs is generally modeled as an equivalent par-

allel circuit composed with a resistor and a constant phase

element (CPE). The polarization resistance is further divided

in to high and low frequency polarization resistances, the

resistance at high frequency (fmax ¼ 2.03 kHz) is influenced

by the transport of charged species and the gas diffusion

and low frequency (fmax ¼ 0.89 Hz) is related to the catalytic

activity for the oxidation of hydrogen. Ce0.9Ni0.1O2�d anodes

showed much smaller polarization resistance at high and

low frequencies, in particular, incredibly improved the

electrochemical activity of hydrogen comparing with

Ce0.9Cu0.1O2�d and pure CeO2, which was matching with

conventional Ni or Cu cermet SOFCs. The high temperature
of redox stability and electrical conductivity by doping various
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Fig. 5 e IV curves of Ce1¡xMxO2¡d (Cu, Ni) (0 ≤ x ≤ 0.1) anode/YSZ electrolyte/LSCF-GDC cathode single cells in hydrogen from

650 �C to 850 �C; CeO2 (a), Ce0.9Cu0.1O2¡d (b), and Ce0.9Ni0.1O2¡d (c), and impedance spectra at 650 �C (d).
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formation of the electrode (over 1200 �C) may cause partial

exsolution of NiO particles from the Ce0.9Ni0.1O2�d lattice.

However, the exsolved NiO could increase the catalyst

active area and increase the electrical conductivity.
Conclusion

The aliovalent metal solubility in ceria was not so high to

synthesize single phase ceria lattice with e.g. 20% metal sub-

stitution. However, a small amount of doping among various

ceria systems shows high potential for application in quite

stable redox behavior and improving electrical conductivity. In

particular, divalent small sized cations such as Cu show higher

potential for OSC application because of lower ionic radius and

lower redox potential. Herein, we reported reasonable OSC

value achieved with Cu doped ceria and it would also have

potential as an electrode catalyst of electrochemical devices.

Consequently, this study reveals that Cu2þ substituted ceria

can be another promising candidate for higher OSC materials

as well as electrochemical catalyst; exhaust three way catalyst,

catalyst for methane and CO oxidation catalyst. Also, Ni2þ

substituted ceria showed high electrochemical activity as SOFC

anode, high OSC value as well with good redox stability.
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