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a b s t r a c t

Yttria-stabilized zirconia (YSZ) samples co-doped with Gd2O3 in the range 0–4 mol% were prepared and
their ionic conductivities were investigated as a function of Gd2O3 concentration by impedance spec-
troscopy. Bulk conductivity of 8 mol% YSZ electrolyte at temperatures <726 K was enhanced by Gd2O3

co-doping up to levels of 2 mol%, while the total conductivity maxima was achieved at a composition of
2 mol% at temperatures not over than 623 K. Based on analyses of results from both molecular dynam-
eywords:
ttria-stabilized zirconia
o-doping
adolinia
olecular dynamics

ymmetry

ics calculation and experimental investigation, the achievement of higher ordered cubic symmetry is
suggested as an explanation for the enhanced conductivity at a relatively low temperature arising from
co-doping YSZ with Gd2O3.

© 2010 Elsevier B.V. All rights reserved.
onductivity

. Introduction

As a practical way to ease up the crisis of energy and envi-
onment, solid oxide fuel cells (SOFCs) can convert the chemical
nergy in a fuel to electric energy directly with high efficiency and
ow levels of pollution. It is well known that zirconia can exhibit
igh ionic conductivity when doped with yttria, which increases
he concentration of oxygen vacancies by aliovalent substitution
f Zr4+ with Y3+. Doping in this manner also stabilizes the ionically
onductive cubic fluorite phase of zirconia relevant to the operating
emperatures of a fuel cell. Yttria-stabilized zirconia (YSZ) typically
t 8 mol% yttria, is most common material used in SOFCs. YSZ’s suc-
ess can be attributed to its many advantages over other candidates,
uch as acceptable ionic conduction at T > 1250 K, a wide range of
omposition for phase stability, high resistance to chemical reduc-
ion, reasonable mechanical strength and relatively low-cost. The

ajor limitation arises from the need to operate at relatively high

emperatures of around 1250–1300 K to achieve adequate conduc-
ion. High temperatures preclude the use of low-cost metals for
he interconnect component of the fuel cell stack but also increase
he likelihood of thermal shock induced cracks. These challenges
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have hampered progress in YSZ becoming more widely available
for commercial fuel cell applications.

There are a number of approaches that have been considered for
enhancing ionic conductivity of the solid electrolyte with a view to
lowering the operating temperature of SOFCs [1–6]. The key is to
minimize the impedance of cell by enhancing the ionic conductivity
at lower temperatures while simultaneously minimizing any elec-
tronic conduction to avoid currents leaking. Further optimizations
in the binary YSZ system has resulted in only minor improve-
ments. Doping has been considered as a convenient and potentially
effectual method to improve the properties of the electrolyte mate-
rials through increasing concentration of mobile vacancies or by
scavenging of grain boundary to minimize interfacial resistance.
Homogeneous co-doping, with Sc, to give a ternary system of
Y2O3–Sc2O3–ZrO2 has shown some promise for enhancing the ionic
conductivity of zirconia [7]. However, scandia is expensive [8]. To
open up new avenues in solving the challenges facing application,
co-doping has shown some promise for improving the ionic con-
ductivity further [5,9,10].

Gd2O3 is well known as a dopant oxide applied in ceria-based
systems. According to calculations from lattice simulation embod-
ied GULP code, Gd3+ has a favorable dopant solution energy at

near 0 eV and a ionic radius similar to that of Y3+(1.019 Å for Y3+

vs 1.053 Å for Gd3+) [11]. However, to our knowledge, there are
only scattered previous research reports focusing on zirconia-based
electrolyte co-doped with both Gd2O3 and Y2O3. Kan et al. [12]
analyzed the effect of Gd2O3 doping content on YSZ materials prop-

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:xx769@cam.ac.uk
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Table 1
Potential coefficients employed in the MD simulation.

Interaction A (eV) � (Å) C (eV Å6) Ref.

Zr4+–O2− 1024.6 0.376 0 [14–16]
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Y3+–O2− 1325.6 0.3461 0 [14–16]
Gd3+–O2− 1336.8 0.3551 0 [15]
O2−–O2− 22764.3 0.149 27.88 [15]

rties and found that the conductivity can substantially increase
ith increasing Gd2O3 addition. However, the total amounts of

oth Y2O3 and Gd2O3 were varied and <8 mol% in their study,
esulting in varying amounts of oxygen vacancy concentrations.
he enhanced conductivity maybe caused by the increasing of oxy-
en vacancy because at 8 mol% doping level for yttria can achieve a
aximum conductivity in YSZ binary system.
The aim of this work is focused on co-doping yttria-stabilized

irconia (YSZ) materials with Gd2O3 while maintaining a con-
tant concentration of oxygen vacancy. The influence of doping on
icro-structural and electrochemical properties of the electrolytes

s discussed. In an attempt to determine the defect and transport
roperties of electrolyte materials, molecular dynamics simula-
ions are performed to study the structure and conductivity in the
SZ using Buckingham potentials, which are particularly suited for
robing ionic transport properties.

. Experiment

High-purity 8 mol% yttria-stabilized zirconia powders and zir-
onia powders (TZ-8Y and TZ-0, Tosho Co., Ltd.) were used as the
tarting material. Stoichiometric amounts of Gd2O3 was introduced
ia a solution route of gadolinium nitrate (Gd(NO3)3·6H2O 99%,
ldrich) for the composition range (Gd2O3)x(Y2O3)0.08−x(ZrO2)0.92,
here x was varied from 0 to 0.04 and are represented as
dyY(8−y), throughout this work, where y = 100x, represent the
ol%. The mixed powders of TZ-8Y, TZ-0 and gadolinium nitrate
ith ethanol were ball milled in a plastic jar for 24 h and subse-

uently dried. Green YSZ (with Gd) cylindrical pellets of 20 mm
iameter and 2–2.5 mm thickness were prepared by uniaxial press-

ng at 30 MPa. The specimens were sintered at 1450 ◦C for 4 h in air
t a linear heating rate of 1.5 ◦C min−1 with a dwell time of 1 h at
00 ◦C for achieving nitrate decomposition. The relative densities
f the sintered samples were measured by Archimedean princi-
le. The results showed that very dense specimens (>99%) could
e obtained by the above method. Phase identification of these
intered specimens was carried out using an X-ray diffractome-
er (Philips, PW1820) with CuK� radiation at 40 kV and 40 mA.
onic conductivities were determined by an ac impedance ana-
yzer (Solarton 1260 + 1286) in the frequency range 5 MHz to 1 Hz
t temperatures 473–1023 K in air with silver paste electrodes.

The DL POLY [13] code was used in this study to perform the
olecular dynamics (MD) simulations. The Buckingham potentials

upplemented with electrostatic terms (Eq. (1)) was adopted in
he present MD simulations to study the molecular behavior of
onic and oxygen vacancy transport in YSZ and some other physi-
al properties of the materials are also investigated. The potential
arameters are summarized in Table 1, which was validated by
omparing the experiment lattice constants with MD result [14].
he ensemble used imposed the conditions of constant number of
ons, pressure and temperature (NPT):

(r ) = A exp
(

− rij
)

− C + qiqj (1)
ij � r6
ij

rij

here A, � and C are parameters fitted to the experimental proper-
ies of the material, qi is the charge of atom i and rij is the distances
etween atoms i and j. A is a measure of the interaction strength,
Fig. 1. XRD patterns taken from the sintered pellets of 8YSZ doped with varying
Gd2O3 content.

� measures the distance over which the attractive force decrease
and C is a measure for the repulsive force.

According to the XRD pattern when YSZ is co-doped with Gd2O3
the solid electrolyte still has the fluorite-type cubic phase within
the 0–4 mol% Gd2O3 content. A supercell consisting of 768 ions
(4 × 4 × 4 unit cells) with 256 Zr and 512 O ions were gener-
ated based on the fluorite structure. Suitable number of Zr ions
is replaced by Y (and Gd ions), while O ions equal to the half of Y
(+Gd) are removed from supercell at random as suggested by the
defect equation (Eq. (2)):

Y2O3 + 2Zrx
Zr + OO → 2Y’

Zr + V ··
O + 2ZrO2 (2)

Then, MD simulation was performed for 600 ps to deduce the
simulated results under the desired condition, and up to 100 ps for
ensemble equilibrium, with a step time of 5 × 10−4 ps.

After molecular dynamic simulation at different temperature,
ionic diffusion coefficients were obtained from slope of the mean
square displacement (MSD) and the radial distribution functions
(RDF) were also calculated from the trajectories of the respective
ions.

Based on the evaluation of the quality of the potentials
employed, a simulation of 8YSZ co-doped by gadolinia was carried
out as a function of Gd2O3 concentrations ranging from 0 mol% to
4 mol% at temperature ranging from 973 K to 1573 K. Results from
the simulation are compared with experimental results.

3. Results and discussion

3.1. Microstructure analysis

The XRD patterns of 8YSZ doped with Gd2O3 in the range of
0–4 mol% are shown in Fig. 1. The results show that co-doping
with Gd2O3 retains the cubic phase as in 8 mol% YSZ. There are
also no obvious characteristic peaks of Gd2O3 presented in XRD
diffractograms within the Gd2O3 content range used in this study.
In contrast, the peaks located at around 28◦, 47◦ and 57◦ of 8YSZ,
corresponding to a small amount of monoclinic phase disappeared
after Gd2O3 was introduced. The absence of monoclinic indicates

that the cubic phase is stabilized.

As a corresponding analogue of XRD structure analysis in the
molecular dynamic system, the pair radial distribution function
(RDF) can be a useful way in order to describe how the density
of surrounding structure varies as a function of the distance from a
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Fig. 4. Complex impedance spectra of YSZ co-doped Gd2O3 specimens at 623 K in

ig. 2. Radial distribution functions for Zr–Zr with different Gd2O3 concentration at
73 K.

articular point, thus reflecting the structural information. In par-
icular, the RDF, denoted by g(r), can be calculated as:

(r) = 〈N(r, �r)〉
(1/2)N�V(R, �r)

(3)

here 〈N(r, �r)〉 indicates the number of atoms found within a
pherical shell of r + �r averaged over time, and N and � refer to
otal number of atoms and system number density, respectively. V
s the shell volume. Fig. 2 shows the RDF of the Zr–Zr vs radius with
espect to different Gd2O3 concentration at 973 K. The superim-
osed pattern is similar to pure YSZ and the nearest cation–cation
istances of Zr–Zr is almost equal, which indicating that the sys-
em maintains a cubic structure at different Gd concentrations. The
DF patterns of Zr–O, Gd–O and Y–O pairs for Gd2Y6 are plotted in
ig. 3. As seen in Fig. 3, the nearest cation–anion distances of Zr–O
s shorter than Y–O and Gd–O. This is caused by a larger Coulom-
ic interaction of tetravalent cation with O in comparison with the
rivalent ions. It is found that the Gd–O distance is longer than the
–O distance, which may be due to the fact that Gd3+ has a slightly

arger radius than that of Y3+. It also observed that the average

oordination number of Gd (7.950), which is determined by inte-
rating the RDF to the first minimum, is higher than that of Y (7.875)
rising from a larger ionic radius of Gd and a greater preference
or eightfold coordination. Therefore, an enhanced cubic symme-

ig. 3. Radial distribution functions for Zr–O, Y–O and Gd–O pairs in Gd2Y6 at 973 K.
air and schematic equivalent circuits and corresponding ac impedance response (Rg,
Rgb, CPEg, CPEgb and Zw represent grain bulk resistance, grain boundary resistance,
constant phase element of grain, constant phase element of the grain boundary and
Warburg impedance, respectively).

try on the surrounding anion sub-lattice is consistent with other
reports [11,17]. Compared with the average coordination number
Zr (7.714), the higher that of Gd and Y indicate that oxygen vacan-
cies prefer to be located at the first nearest neighbor position with
respect to Zr4+, which is similar with the data for YSZ from nuclear
magnetic resonance (NMR) monitoring [18].

3.2. Diffusion and ionic conductivity

Fig. 4 shows a complex specific impedance plot of the YSZ
samples co-doped with different Gd2O3 concentration at a tem-
perature of 623 K. The brick model was employed to describe
equivalent circuits for impedance spectroscopy of the polycrys-
talline electrolytes. As shown in the inset of Fig. 4, two independent
semicircular arcs moving from high to low frequency correspond
to the bulk and grain boundary resistance, and a diffusion-limited
process leads to an impedance response (Warburg impedance, Zw)
that appears as a straight line in the lower frequency range. The bulk
conductivity (�b), apparent grain boundary conductivity (�app

gb ) and

total conductivity (�tol) can be calculated from �b = L/ARb, (�app
gb ) =

L/ARapp
gb and �tol = L/ARtotal, where L and A are the thickness and

cross-section area of specimens, respectively.
In Fig. 5, the bulk and apparent grain boundary conductivity of

co-doped YSZ are both plotted as a function of mol% Gd2O3 at 573 K.
As shown in Fig. 5, the addition of ≤2 mol% Gd2O3 increases the
grain bulk conductivity of YSZ. According to interpretation from
both experimental and MD simulations above, the symmetry of
cubic structure was enhanced by replacing Y2O3 with Gd2O3. Gen-
erally, well ordered cubic structure in zirconia can lead to faster
ionic transport. Thus the conductivity is increased with increasing
Gd2O3 concentration, but only up to a limiting value of 2 mol%. The
trend is reversed when more than 2 mol% Gd2O3 content is intro-
duced. This decrease in conductivity may be attributed to difference
in ionic size and cluster binding energies of Gd3+ and Y3+. At higher
concentrations, the larger ionic radius may be impeding the oxygen
ion migration. The cluster binding energies for Gd3+(−0.3 eV) are

3+
also stronger than Y (−0.26 eV) [11], which can indicate greater
difficulty in moving an oxygen vacancy. Therefore, diffusion in the
bulk is slowed by co-doping Y2O3 with higher concentration of
Gd2O3. It is found in Fig. 5 that the grain boundary conductivity
also decreases with increasing Gd2O3 doping concentration, which
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molecular dynamic as a function of simulation time for each cal-
culation at different temperature. It can be clearly seen that the
mean square displacements of the oxygen increases linearly with
the simulation time. Moreover, the slope of the MSD line increased
ig. 5. The bulk conductivity and apparent grain boundary conductivity of the sam-
les as a function of Gd2O3 doping levels at 473 K.

s an indication that Gd3+ can segregate into the grain boundary
ith increasing effect as concentration is increased. Partition of any
d3+ cation into the grain boundary will lead to a decrease in the
umber of substituted Zr4+ cation in the lattice and thus reduce
he amount of oxygen vacancy and lower the conductivity in the
rain. The above combination of factors can therefore explain why
conductivity maximum is achieved on adding Gd2O3 to YSZ.

Fig. 6(a) and (b) displays the bulk and total conductivity data of
pecimens in an Arrhenius plot at 473–623 K, while the total con-
uctivity data for 673–1023 K are shown in Fig. 7. Deriving from
he slope shown in Fig. 6(a), Gd2O3 co-doped specimens had a
igher bulk conductivity than 8YSZ only below the max temper-
ture of 726 K, while the total conductivity maxima was achieved
t a composition of 2 mol% at temperatures not over than 623 K
Figs. 6(b) and 7). In additional, the oxygen conductivity is normally
xpressed as follows:

T = A exp
(−Ea

kT

)
(4)

here � is the ionic conductivity, T is the absolute temperature, A
re-exponential constant, and Ea is the activation energy. The acti-
ation energy can be calculated from the slope of ln �T vs 1/T. It is
hown in Fig. 8 that the activation energy of the bulk decreases with
ncreasing Gd2O3 concentration. The decreasing for electrolyte was
uggested as co-doping with Gd2O3 can improve cubic order of
SZ lattice, which provides a well structure for faster ionic trans-
ort thus decrease potential barrier for more easily overcoming.
ut the activation energy data for the grain boundary exhibit an

ncreasing trend as Gd2O3 was increased (Fig. 8), which is relate to
he phenomenon that the partition of any Gd3+ cation distributed
n the grain boundary and blocked the pathway for oxygen anion

igrating in the grain boundary.
The phenomenon of bulk conductivity affected by Gd2O3 co-

oping is also studied with MD simulation. In particular, the
onductivity of YSZ electrolyte can be expressed in terms of ionic
iffusion of oxygen ions and the ionic self diffusion was determined
rom calculated mean square displacement (MSDs) as following:

SD =< r2
i (t) >= 1

N

N∑
1

[ri(t) − ri(0)]2 (5)
Furthermore, the diffusion coefficient, Di, then be derived from
he MSD slope based on Eq. (4), where B is the Debye–Waller factor:

r2
i (t) >= 6Dit + B (6)
Fig. 6. The conductivity of the samples with various Gd2O3 concentrations for
473–623 K (a) bulk and (b) total.

Fig. 9 shows a typical plot from oxygen MSD results from Gd2Y6
Fig. 7. The total conductivity of the samples with various Gd2O3 concentrations for
673–1073 K.
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Fig. 8. The activation energy of electrolyte for bulk and grain boundary conductivity
as a function of Gd2O3 concentration.

Fig. 9. MSDs of oxygen ions at different temperature in Gd2Y6 sample.

Fig. 10. The diffusion behavior of oxygen ions in electrolyte at 1073 K and
Fig. 11. Calculated oxygen diffusion coefficients from MD results at 973 K and
1273 K.

as temperature was ramped. The increasing value of MSD slope
reflects more rapid oxygen transport at elevated temperatures, and
thus enhanced ionic conductivity. After 500 ps, MD was performed
at different temperatures, a comparison with the starting position
of oxygen ions is presented in Fig. 10. In order to obtain a clearer
view, a slice of oxygen ionic locations in the center of Z axes are
marked red (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of the arti-
cle). The simulation results showed that migration of O2− anion
accelerated by ramping temperature, which reflects conductivity
increasing in the experiment.

The calculated oxygen anion diffusion coefficients at 973 K and
1273 K with varying Gd2O3 concentration are shown in Fig. 11,
respectively. It can be seen from Fig. 11 that oxygen diffusion
coefficients, which deduced from MSD results, increased by co-
doping with Gd2O3 up to 3 mol% at 973 K. However, the addition
of Gd O decreases the oxygen diffusion coefficients, as shown
2 3
in Fig. 11, for the simulations at 1273 K. The effect of Gd2O3 co-
doping on enhancement of YSZ conduction only exhibits at the
relatively low temperature, which is consistent with that observed
in experiments. As mentioned above, co-doping YSZ with Gd2O3

1573 K (a) before simulation and (b) after 500 ps simulation time.
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an enhance conductivity due to its higher ordered cubic symmetry.
owever, this enhanced effect was marginalized with tempera-

ure ramping because the single cubic phase, from viewpoint of
ree energy, is likely to be more stable at higher temperatures
han at lower temperatures. Therefore, YSZ is expected to have a
igher conductivity than Gd2O3 co-doped specimens at an elevated
emperature. It should be noted that the temperature employed
n molecular dynamic simulation was higher than 973 K, because
quilibrium state can hardly achieve even 500 ps simulation time
or relaxation below 973 K.

. Conclusions

This paper investigates the effect of Gd2O3 co-doping on the
icrostructure and ionic conductivity of YSZ electrolyte with a

onstant oxygen vacancy concentration. The molecular dynamics
imulations were carried out to corroborate the results obtained
rom experiment and are generally in agreement with it. The YSZ
ulk conductivity increased as the Gd2O3 content was increased
p to 2 mol%, and decreased with further addition of Gd2O3 at low
emperature (at constant vacancy concentration). The enhanced
onductivity at low temperature was explained by the fact that
d2O3 was more efficient in stabilizing the symmetry of the
ubic phase. Moreover, Gd2O3 additions resulted in decreasing
onductivity of grain boundary. The activation energy for the
ulk conductivity was decreased with addition of Gd2O3, result-

ng in a lower conductivity of Gd2O3 doped samples at elevated
emperature. It is also found that oxygen vacancies were pref-
rentially located closer to Y3+ cation than Gd3+ cation in MD
esult.
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