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Abstract Much attention has been paid to barium zirco-
nates because their high protonic conductivity and chemical
stability are excellent properties for solid electrolytes.
However, most studies have focused on highly doped
materials such as 10 or 20 mol% Y-doped barium
zirconates. In this study, the bulk and the grain boundary
electrical properties of 1 mol% Y-doped barium zirconate
are investigated as a function of temperature, water partial
pressure, and oxygen partial pressure. At low temperatures
and in wet atmospheres, the bulk of the barium zirconate
predominantly conducts protonic defects, whereas, at high
temperatures and in dry conditions, it is mixed oxygen ionic
and electron-hole conducting. In the grain boundary, the
protonic conductivity is a few orders of magnitude lower
than the protonic conductivity in the bulk. In this study,
possible causes for the low protonic conduction at the grain
boundaries are considered.

Keywords Protonic conductor- Electrical property - Barium
zirconate - Bulk - Grain boundary

Introduction

Solid oxide ionic conductors have recently attracted much
interest as solid electrolytes (SEs) for solid oxide fuel cells
(SOFC) due to their potential applications in green plants
for producing electricity with hydrogen [1-3]. Among the
ionic conductors, high temperature protonic conducting
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perovskites are viable SEs due to their high protonic
conductivity at temperature of interest (400~700 °C). In
particular, barium zirconates have been extensively studied
because they possess both high protonic conductivity and
thermodynamic stability [4—10]. For examples, K.D. Kreuer
has studied the mobility and stability of the protonic charge
carriers of the barium zirconates depending on water partial
pressure (Pp,0) [4]. K. Nomura and H. Kageyama have
investigated their bulk transport in various thermodynamic
conditions [5]. A.K. Azad et al. have even presented that
the protonic conduction of the barium zirconates can
change with their crystal structures [7]. As for the grain
boundary (gb) conduction, C. Kj@lseth et. al. have carefully
considered if the space charge of the gb works for the gb
conduction [8]. However, most studies have been focused
on highly doped barium zirconates, i.e., BaZry9Y.;O03_5 or
BaZrygY(205_s, in which the electrical nature of the bulk
and gb existing in polycrystalline barium zirconates is
difficult to understand [3, 4, 11]. This is attributed to the
following two facts. First, highly doped materials in the
bulk show a strong association between positive charge
carriers (OH(, and VJ*) and a dopant (Yé,), and the
materials often exhibit defect ordering [4, 12—14]. Second,
they often lead the poor sinterability of the barium
zirconates, and thus, closed pores existing in the grain
boundaries hinder protonic transfer across the grain
boundaries [11, 15, 16].

In this study, 1 mol% Y-doped BaZrOz (BaZryg9Y .01
0;_5, BZYO-1) with a high relative density (>95%) is
intentionally selected as a representative low-doping mate-
rial to understand the electrical nature of barium zirconates.
In the following, its electrical properties as a function of
temperature (7), water partial pressure (Pp,0), and oxygen
partial pressure (Po,) are presented.
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Defect models
Electrical property of barium zirconates

Acceptor-doped barium zirconates can show oxygen ionic,
electron-hole, and protonic conductivities as surroundings.

The red-ox reaction given below gives the electron-hole
and the oxygen vacancies in an oxygen atmosphere.
(Hereafter, the Kroger—Vink notation is used for point
defects).

1/20, + Ver_O% + 2h° (1)

Of course, an oxygen vacancy is also produced by
acceptor doping.

YO s 203y, 4 1/2ver +3/205 2)

In wet environments, on the other hand, protonic defects
are predominantly generated from Eq. 3.

H,0 + 2h* + 20}, _20H" + 1/20; (3)

The following protonic defect reaction is obtained from
Egs. 1 and 3.

H,0 + Vg + O _20H* (4a)
K = [OH) /Pr.olV5)[00] (4b)

where K denotes the equilibrium constant of Eq. 4a.

Accordingly, the total conductivity (o) of the barium
zirconates is affected by the protonic, the oxygen ionic, and
the electron-hole conductivities. (Note that the dopant is
immobile at the temperature of interest). The total conduc-
tivity is given by

Ototal = OQOH* + Ov** + Ope (5)

where ooye, oype, and oy are the protonic, the oxygen
ionic, and the electron-hole conductivities, respectively.

The protonic conduction depending on Py, o

The protonic conduction may depend on Py,o because it is
enabled by the introduction of water. The dependency,
however, varies with electroneutrality condition (ENC).
The ENC in barium zirconates can be written as

[OH] +2[VE] + 0] = [Yy]. (6)

In a certain thermodynamic region, if the ENC is equal
to 2[Vey] ~ [Y,]. the protonic conduction depends on
P;/z %; whereas, if the ENC is [OH§] ~ [Y,], it does not
depend on Pp,o (refer to the “Appendix”). In the case that
the ENC is 2[Ve] + [OHY]| ~ [Y7,], the protonic defect

@ Springer

and corresponding conduction depend on PSIZ(I)/ 2

“Appendix”).

(see the

Experimental procedure

BZYO-1 was synthesized using the Pechini method with
appropriate amounts of Ba(NO;3), (99.99%, Sigma
Aldrich), ZrO(NOj3),*6H,0 (>99.99%, Sigma Aldrich),
and Y(NO3)3°6H,O (99.9%, Sigma Aldrich) as reactants.
The reactants were dissolved in an aqueous solution, and
then ethylene glycol was added to the solution. The
solution was heated to 200 °C and stirred to produce the
precursor powders. The obtained precursor powders were
calcinated at 1,100 °C for 3 h and then ground and pressed
into a pellet. Finally, the pellets were placed in a cold-
isostatic press at 300 MPa. The synthesized BZYO-1
powders were characterized by X-ray diffraction (XRD).
The pellet was sintered at 1,700 °C for 24 h in air. The
relative density of the sintered pellet was estimated using
the Archimedean method to be >95%. The chemical
compositions and the concentrations of background impu-
rities, including Ca and Si, which are able to form glassy
phases in the gb, were determined by inductively coupled
plasma emission spectroscopy (ICP, see Table 1). The
microstructure and the grain size of the pellet were
examined using a scanning electron microscope (SEM)
and a high-resolution transmission electron microscope
(HR-TEM, JEOL).

For the electrical measurements, the surface of the sintered
pellet, with a diameter of 0.6 cm and thickness 0.12 cm, was
polished by using SiC-paper, and then Pt-paste was painted
onto both surfaces. After that, the pellet was thermally treated
at 800 °C for 1 h in air. The electrical resistance of the pellet
was measured as a function of temperature (7=270-850 °C)
by using 2-probe ac impedance spectroscopy in dry
(Ph,0 < 1 x 10~*atm and Po, ~ 3 x 10~%atm) and wet N,
(Pu,0 ~ 2.3 x 1072atm and Po, ~ 3 x 10~%atm). Dry N,
gas also contains water due to impurities (P,0<100 ppm)
in the gas cylinder. Thus, “dry” means nominally dry. The
electrical resistance was also examined as a function of

Table 1 The concentrations of Si and Ca and Ba, Zr, and Y (dopant)
in a sintered BaZr99Y.0103-s (BZYO-1) determined using the ICP
technique

Component Concentration (ppm)
Ba 997,490

Zr 991,830

Y 10,700

Si 150

Ca 240
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Pi1,0(0.01 atm < Pyy,0 < 0.03 atm) or Po, (1 ~3x 10~ %atm).
Pr,0 was obtained by passing N, through an isothermal bath
containing water at controlled temperature (8~24 °C). Po,
was controlled by mixing of O, and N, and it was checked
with a zirconia oxygen sensor. The impedance spectra were
obtained in the frequency range from 0.05 Hz to 10 MHz
using an impedance analyzer (Novocontrol). Amplitude for
the measurements was 50 mV. For the fitting of the data, Z-
view program (Scribner Associates) was used.

Results and discussion
XRD, SEM, and ac impedance

Figure 1 shows the XRD patterns of BZYO-1 powders
obtained after calcination and sintering. Each individual
peak was indexed with the JCPDS card of barium zirconate
with a perovskite structure. A single phase after calcination
and sintering was well formed. The lattice parameter
calculated from the peak positions calibrated with an
internal quartz reference was ~0.4187+0.0002 nm.

The microstructure and the grain size of BZYO-1 were
examined using a scanning electron microscope (Fig. 2). It
was dense, as expected. Its average grain size was estimated
to be ~3.5 um, showing that it is much higher than those of
the reported high-doping barium zirconates (note that they
present a grain size of few hundred of nanometers) [6, 10].
The grain size was determined measuring the number of
grain boundary intercepts per unit test line.

Figure 3 shows the typical impedance spectra of BZYO-
1 at 450 °C in dry and wet N,. The inset shows the spectra
in higher frequency region (near the starting point of
Fig. 3), showing that another semicircle exists (note that

O Internal reference:quartz
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BZYO-1
(1700 °C/ 24h)

(200)
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Fig. 1 XRD patterns of BaZryg9Y.0103-s6(BZYO — 1) after calci-
nation (1,100 °C for 3 h) and sintering (1,700 °C for 24 h)

Fig. 2 An image of the polished surface of BaZrpg9Yo0:
0;3_5(BZYO — 1) pellet obtained using scanning electron microscopy
(SEM)

two semicircles are visible up to high temperature
~694 °C). Two parallel RQ circuits in series were employed
to fit the data (i.e., RpuxQpux and Rg,Og, with the
subscripts bulk and gb denoting the bulk and gb,
respectively. R is the resistance and Q is a constant phase
element given as C = (R'™" Q)l/ ™). The values of Cyyy and
Cg» obtained from the sample are ~1x107"" and ~1x
10°° F, respectively. The dielectric constant (¢) estimated
from the Cy is ~46 agreed reasonably well with the value
(e~15) measured for nominally pure barium zirconate,
indicating that the semicircular arc appeared in the higher
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Fig. 3 Impedance patterns of BaZrpg9Y¢,0103-s (BZYO-1) in dry
and wet N, at 450 °C. The inset shows the spectra in the high
frequency region. The first (high frequency part) and second (low
frequency part) semicircles correspond to the bulk and grain boundary,
respectively
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frequency region represents the bulk [17]. As seen, the
resistances of the bulk and the gb decreased in wet
conditions, which shows that the protonic conduction is
enabled by water incorporation.

Bulk conduction

The bulk conductivities (opy) estimated from the imped-
ance patterns are shown as a function of temperature in dry
and wet N, (circle and square symbol, respectively) in
Fig. 4.

In wet N, the bulk conductivity is much higher than that
in dry N, below 500 °C, whereas the behavior above
500 °C is reversed. This is because the dominant charge
carrier and the corresponding conductivity change with the
temperature and water partial pressure. Kuz’min et. al. have
reported that the electron-hole mainly conducts in high Po,
and dry condition while both the electron-hole and the ionic
charge carriers dominantly conduct in low Po, and humid
condition [9].

Below 500 °C and in wet N,, the dominant conduction is
protonic, that is, Gy ~ oon+ in Eq. 6 (here, oy 1S equal
to opuik in Fig. 4) because the activation energy (E,~0.4 eV)
is very close to the traditional value of the protonic
conduction [4] and the measured data are well matched
with the estimated protonic conductivity (the solid curved
line in Fig. 4). The estimated conductivity was obtained
using the following Nernst—Einstein equation.

OQH* — [OH(.)] ezDOHB/kBT (7)

where Doy indicates the diffusivity of the protonic defect,
and e and kg denote the elementary electronic charge and
the Boltzmann constant, respectively. To calculate ooye,

900800 700 600 500 400 300 °c

BZYO-1

(E.~ 0.95 eV)

Estimated

44 line Wet-N, (E~ 0.40 V)

log o, [S/cm]

-5 4
Dry-N,
(E~ 0.50 eV)
-6 T T T T T T T T T T T
0.0008 0.0010 0.0012 0.0014 0.0016 0.0018  0.0020
1/T [1/K]

Fig. 4 The temperature dependence of the bulk conductivity (opy) in
dry and wet N,. The curved solid line is the estimated protonic
conductivity
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Eq. A4, which gives the protonic defect concentration
([OH]), and the diffusivity reported by Kreuer were used
(the diffusivity and the value of K (the equilibrium
constant) in Eq. A4 are assumed to be the same with the
reported one of 2 mol% Y-doped BaZrOs) [18]. Such a
great match between the measured data and the estimated
value (270~500 °C) indicates that the sample was fully
equilibrated with the gaseous water, and the ENC of the
bulk in this region is 2[Vg*] + [OHY| ~ [Y,,] using
Eq. A4a as the protonic defect concentration in Eq. 7. This
is also supported by the Py,o dependence of oope. (See
Fig. 5. oo+ is dependent on Pg:cl)/ ? rather than P(})Izo or
Plli/j), meaning that oopye is governed by the ENC,
2 V] + [OH3)] =~ [V))

One the other hand, in dry N, of Fig. 4, ooy drastically
decreases due to the dehydration of water (note [OHE)]
decreases with the decrease of Py,0). Accordingly,
oy + oy increases. (Note that the concentration of the
oxygen vacancy and the electron-hole increases as the
protonic defect decreases according to Eq. 6). This behavior
becomes clear above 500 °C. The measured conductivity in
the dry condition increases with temperature and finally
becomes higher than that in the wet condition. This
indicates that the dominant conduction is no longer protonic
conduction at high temperatures. The activation energy (E,)
of opu in dry condition is also high to be ~0.95 eV
compared with that of oy in wet condition (see Fig. 4).
This value is in the middle of the reported activation
energies of the electron-hole and the oxygen vacancy
conduction, implying that BZYO-1 becomes mixed oxygen
ionic and electron-hole conducting at high temperatures and
in dry condition (it has been reported that the activation

-3.5
40- 0 joH1Iv,1
as bulk = n—°® m
T VYL
o -1/2
E -5.0=~ =
o
(2]
]
= 7.5
,/—D o
80 gb O =
T =376 °C
-8.5 T T T r T v
-2.0 -1.8 -1.6 -1.4

log P (H,0) [atm]

Fig. 5 The water partial pressure (Py,0)-dependence of the bulk and
gb conductivities at 376 °C
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energies of ope and oy are ~0.87 eV and ~1.1 eV,
respectively) [9, 19]. Such results are supported by
previously reported results. Nomura and Kageyama have
shown in dry atmosphere that both the oxygen vacancy and
the electron-hole are dominant charge carriers [5]. Kuz’min
et al. have also presented that the mixed ionic and electron-
hole conduction governs the total conduction in the middle
of Po,(107* atm < Po, < 107'% atm), while the electron-
hole conduction is predominant in high Po, (in air) and dry
atmosphere [9]. This mixed conduction in dry condition is
confirmed again by the Po, dependence of oy, as follows.

The Po, dependence of oy at 740 °C is exhibited in
Fig. 6. As seen in the figure, the measured conductivity
weakly depends on Po,, meaning that oy, consists of oy
and oye. To separately obtain oy andoye, the measured
conductivity was numerically fitted using the following
typical equation.

Ciotal = Oy + Gﬁ.Pozl/ 4 (8)

where o}. is ope at Po,=1 atm. (Note that oye in this
equation is independent on Po,, as revealed in Eq. 2 . On
the other hand, oy, does strongly depend on Po, as seen
from Eq. 1 [20]). In Fig. 6, the curved solid line indicates
the numerical best fit of the measured conductivity and the
dotted lines denote the oxygen ionic and the electron-hole
conductivities obtained from the fitting. The values of oy
and o}. obtained are ~0.0023 and ~0.0077 S/cm at 740 °C,
respectively, implying that the bulk of the BZYO-1 at high
temperatures and, in dry conditions, is surely mixed
conducting. (The electron-hole transference number #,» =
o /(oy+ + ope) of BZYO-1 is inserted in Fig. 6).

740 °C
-2
£
L
@,
x -3
.g o 8,
5 N .
[ 0.6
o O-h- =
4 0.4
0.2
0.0
-6 -4 -2
log Po, [atm]
-5 T T T T T T
-6 -4 -2 0
log Po, [atm]

Fig. 6 The oxygen partial pressure (Po,) dependence of the bulk
conductivity (opuy) at 740 °C. The inset presents the electron-hole
transference number (7,) calculated from the electron-hole and the
oxygen ionic conductivity (o+ and o)

Grain boundary conduction

The electrical properties of the gb in polycrystalline barium
zirconates has attracted much attention because their
protonic conductivity is markedly lower than that of the
single crystal over a wide temperature range [4, 6]. In
addition, nanostructured materials with large volume ratios
of the gb have come into focus [21]. Thus, a better
understanding of the origin of the electrical properties of
the gb in the protonic conductors at a fundamental level has
become important.

Figure 7 shows the gb conductivity (og,) of BZYO-1 in
dry and wet N, (circle and square symbols, respectively).
The inset indicates the specific gb conductivity (i.e., the
conductivity across a single gb, O'Sg% = Obulk (Toulk/Tep) With
T=RC). In wet N,, o4 is higher than that in dry N,
indicating that the protonic conduction produced in the gb
similar to that produced in the bulk and is the dominant
conduction at lower temperatures (similarly, o in wet N,
is higher than that in dry N,). However, oop+ in the gb is
markedly lower than that in the bulk (for example,
o ~ 1077S/em, opux ~ 7 x 107°S/em at 415 °C, re-
spectively). The activation energy of oone (Egp) is also high
to be ~1.22 eV compared with that in the bulk (Epyx
~0.40 eV). Such blocking has been similarly observed at
highly doped barium zirconates [4, 6, 22]. Fabbri et al. have
reported that o, in 20~40 mol% Y-doped BaZrO; is lower
than oy, and Duval et al. presented 3~4 orders of
magnitude difference between the bulk conductivity and
the specific gb conductivity.

This high resistance to protonic transport across the gb
can be attributed to either extrinsic (impurities, pores) or
intrinsic (space charge or structural effect) causes or both

900800 700 600 500 400 300 °c
800700 600 _500 400 300 C
T T T T T -0
-4 -
-7
3
L2
9 8
— 28 (E-1.22eV)
g 6. Dry-N, o Dry-N,
O (E~1.36 eV) 2 (E,~1.40eV)
68’ 10
g) 6010 0.0612 0.0b14 0.0b16 0.0q18
2 L
Wet-N,
E~1.17eV
BZYO-1 E117eY)
'10 T T T T T T T T T T T
0.0008 0.0010 0.0012 0.0014 0.0016 0.0018 0.0020

1/T[1/K]
Fig. 7 The temperature dependence of the gb conductivity (o) in

dry and wet N,. The inset shows the specific gb conductivity (i.e., the
conductivity of a single gb, O'Z%)
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[4, 22, 23]. As observed for conventional SEs, impurities
such as silicates segregate into grain boundary cores (which
are structurally different regions from the bulk) to form
layers of an insulating amorphous phase which at least
partially block the current (i.e., cause current constriction)
[24]. This constriction resistance, however, may not fully
explain the blocking effects of the gb because the sample is
nearly free of the amorphous phase (see the result of the
ICP measurement in Table 1 and a HR-TEM image
(Fig. 8)) and the fact that o4, depends on Pp,o (see
Fig. 5). More emphasis, therefore, should be placed on
possible intrinsic causes rather than (or in addition to) such
extrinsic mechanisms.

A crystal structure has been regarded as the most
important parameter in protonic motion, which includes
both mobility and concentration of ionic charge carriers
[25, 26]. Accordingly, the structural effects in the gb are
readily considered since the gb has often structural lattice
distortion and a large number of strained or missing bonds
leading to the change of the concentration and mobility of
charge carriers. Indeed, for the barium zirconate protonic
conductor, Azad et al. have shown how sensitive its
crystal structure is to the protonic conduction (the «-form
of the barium zirconate exhibits a slightly smaller unit cell
and much lower protonic conductivity than the (3-form)
[7]. In this study, the gb of BZYO-1 may also be
structurally distorted as seen in Fig. 8 and, somehow, it
may lead the high resistance of the gb. Of course, the
space charge of the gb, a kind intrinsic cause, can be a
main reason of the gb blocking. However, in BZYO-1,

Fig. 8 A high-resolution transmission electron microscopy (HR-
TEM) image of the bulk and grain boundary of BZYO-1

@ Springer

any evidences related to the space charge effect are not
found. For example, the measured E,, of Fig. 7
(~1.22 eV) does not match the Eg, (~0.75 eV) estimated
with the gb space charge potential (~0.35 V), assuming
Mott—Schottky situation (see the reference [27] where the
equations for the calculation are described). Nevertheless,
uncertainty about the origin of the gb resistance still
remains due to a lack of study (note that the origin of the
gb blocking is a hot topic and is still in debate). Recently,
KjOlseth et al. have empirically shown that the space
charge effect works on the gb conduction of the Y-doped
barium zirconate [8]. Thus, more careful studies and
analysis are required in order to clarify it.

Conclusion

The electrical properties of 1 mol% Y-doped barium
zirconate (BaZrpgoY0103-s5) were investigated as a
function of temperature, water partial pressure, and oxygen
partial pressure. The protonic conduction in the bulk is
dominant at low temperatures and in wet atmospheres, but
is significantly reduced at high temperatures and in dry
conditions, leading to the increase of the oxygen vacancy
and the electron-hole conduction. The protonic conductivity
of the grain boundary was much lower than that of the bulk.
Possible causes for the low protonic transport in the grain
boundaries were considered.

Acknowledgment [ thank Prof. Sangtac Kim for the valuable
discussions and study and Dr. Chan Kwak for the SOFC project.

Appendix

The Puy,0-dependence of the protonic conductivity is
defined as the ENC. I consider three cases.

(1) ENC:2[VE] ~ [Y,]

In this case, the protonic defect and the corresponding
protonic conductivity strongly depend on the water partial
pressure as shown below.

(03] = (K[VE](00]) " Pif (A1)
oonr = [OHY) | eptope o PII{/2 %)(cv.. ~ constant). (A2)

’

(2) ENC:2[Vy] + [OHY| ~ [Y;]

In perovskite materials (ABO;), the site restriction is
given by
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Considering Eq. A3 and Eq. 4, the protonic defect can be

[V(.ﬂ + [OH:)] + [OXO] =3 (A3) estimated as following.

o1 3KPu,0 — /KPn,0(9KP1,0 — 6KPp,0S + KPp,0S? + 248 — 452
[oHY] = - (A4)
KPp,0 — 4

where S denotes an effective dopant concentration (Ref. 4). 7. Azad AK, Savaniu C, Tao S, Duval S, Holtappels P, Ibberson RM,
Thus. in this condition Irvine JTS (2008) J Mater Chem 18:3414

8. Kj@lseth C, Fjeld H, Prytz @, Dahl PI, Estournes C, Haugsrud R,
o 0~1/2 Norby T (2010) Solid State Ionics 181:268
oonr = [OHg]eptone o Py (AS) 9. Kuz’min AV, Balakireva VB, Plaksin SV, Gorelov VP (2009)
Russ J Electrochem 12:1460
10. Yamazaki Y, Hernandez-Sanchez R, Haile SM (2009) Chem
. ' Mater 21:2755
() ENC: [OHO] ~ [YZF] 11. Duval SBC, Holtappels P, Vogt UF, Stimming U, Graule T (2009)

The protonic conductivity hardly depends on the water Fuel Cells 5:613
p ty y daep 12. Wang JX, Su WH, Xu DP, He TM (2006) J Alloys Compd 421:45

partial pressure owing to the fixed concentration of the 3 pyyis RA, Tslam MS, Gale JD (1999) Solid State Tonics 126:323

acceptor. 14. Giannici F, Longo A, Kreuer KD, Balerna A, Martorana A (2010)
Solid State Ionics 181:122
, 15. Bablio P, Haile SM (2005) J] Am Ceram Soc 88(9):2362
[OHg| = {Y Zr} = constant (A6)  16. Gao D, Guo R (2010) J Alloys Compd 493:288
17. Azad AM, Subramaniam S (2002) Mater Res Bull 37:11
18. Kreuer KD, Adams S, Miinch W, Fuchs A, Klock U, Maier J
(2001) Solid State Ionics 145:295
oonr = [OHY |ettone o Piio (A7) 19. Bohn HG, Schober T (2000) J Am Ceram Soc 83:768
20. Park JY, Choi GM (2002) Solid State Ionics 154:535
21. Chen X, Rieth L, Miller MS, Solzbacher F (2009) Sens actuators
B, Chem 137:578
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