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ABSTRACT

We have investigated protonic conduction in highly dense (>98%) polycrystalline Y-doepd BaZrO
3
 (BYZ) ceramic with an aver-

age grain size of ~85 nm. It is observed that the protonic conductivity across the grain boundaries in this nano-crystallilne BYZ

(n-BYZ) is significantly higher than the microcrystalline counterpart. Such a remarkable enhancement in grain boundary conduc-

tivity results in high overall conductivity that may allow this chemically stable protonic conductor to serve as a solid electrolyte

for low-temperature solid oxide fuel cell applications. 
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n recent years, proton conducting solids have been the

focus of extensive investigations for electrochemical

device applications.1-6) Perovskite-structured oxides are of

particular interest7-9) because of their high protonic conduc-

tivity, enabling their use as solid electrolytes (SEs) for solid

oxide fuel cells (SOFCs) that can operate at relatively low

temperatures (500~700oC). The high temperatures (> 900oC)

required to operate conventional SOFCs have presented

technical and economic constraints, limiting their commer-

cialization potential. Perovskites with high protonic conduc-

tivity, however, often show poor chemical stability while

most of the chemically stable ones have lower conductivity.

Only a few satisfy both high protonic conductivity and

chemical stability10,11) and thus the search for chemically

stable materials with high protonic conductivity continues.

Yttrium-doped BaZrO
3
 (BZY) is a chemically stable pro-

tonic conductor. In a single crystal form, BZY is reported to

present the highest protonic conductivity among the perovs-

kite-structured protonic conductors9), exceeding that of con-

ventional oxygen-ion conducting SEs in the range of 300-

600oC where intermediate-temperature SOFCs (IT-SOFC)

operate. However, the conductivity of polycrystalline BZY is

markedly lower over a wide temperature range compared

with that of the single crystal.9) This is attributed to very

high resistance to proton transfer across grain boundaries

that exist in polycrystalline BZY. Poor sinterability of this

material has also contributed to this problem.9) Thus

enhancement of grain boundary conductivity and the prepa-

ration of high density BZY will contribute greatly to the

requirements for SEs used in IT-SOFCs. 

In the past decade, the electrical nature of the grain bound-

aries in nano-structured ionic conductors has attracted much

attention. In light of the large grain boundary to volume ratio

in such materials, ionic transport is predominantly controlled

by the grain boundaries. The ionic conductivity of the nano-

structured conductors would then be enhanced if the grain

boundaries in these materials served as fast conduction path-

ways. Consequently, extensive research effort has been

devoted to measuring the ionic conductivity of nano-struc-

tured ionic conductors. in particular, oxygen-ion conducting

SEs such as doped zirconia and ceria.12-17) To date, however,

only a few studies have reported enhanced grain boundary

conductivity of those materials.15,17) 

In this contribution, we present our observation of pro-

tonic conductivity of highly dense BaZr
0.92

Y
0.08

O
3-d

 (hereafter

BZY8) with a grain size of about 85 nm. 

Details of the synthesis method for BZY8 nanopowder

have been provided elsewhere.18) Dense nano-crystalline

BZY8 pellets (n-BZY8) were prepared employing a spark

plasma sintering (SPS) technique. The nano-powder was

heated in a graphite die at 200oC/min up to 1400~1500oC

with an applied uniaxial pressure of 100 MPa and held for

5 min. To prepare dense micro-crystalline BZY8 pellets (m-

BZY8), on the other hand, a conventional high temperature

sintering method (1700oC for 20 h) was used. The relative

density of the sintered n-BZY8 was above 98% while that of

m-BZY8 was ~94%. The microstructures of the pellets were

examined using a high resolution scanning electron micro-

scope (HR-SEM, Philips FEI XL-30). The electrical resis-

tances of the samples were measured as a function of

temperature by using 2-probe ac impedance (Novocontrol,

Novocontrol technology) and dc technique (Keithley 236) in

wet-N
2
 ( ~2.3×10−2 atm and Po

2
~1×10−6 atm). PH

2
O

I



72 Journal of the Korean Ceramic Society - Hee Jung Park et al. Vol. 47, No. 1

Microstructural HR-SEM images of fracture surfaces of n-

BZY8 and m-BZY8 are shown in Fig. 1(a) and 1(b), respec-

tively. The average grain sizes of the samples are ~85 nm

and ~1 mm for n-BZY8 and m-BZY8, respectively. For this

analysis, at least 100 grains were measured manually using

the software AnalySIS (Soft Imaging System Corp., Lake-

wood, CO). There are no indications of the existence of

porosity in n-BZY8, Fig. 1 (a), consistent with the density

measurements. However, the presence of few pores in the

lower density m-BZY is seen in Fig. 1 (b). Before the present

work no results have been reported for the preparation of

BZY ceramic with very high density and a grain size below

100 nm.

Fig. 2 shows representative impedance spectra of both n-

BZY8 and m-BZY8 measured at 300oC under wet-N
2
 (pH

2
O

=0.023 Torr). The spectrum of n-BZY8 consists of a large

semicircular arc partially overlapped with another arc that

subsequently appears at lower frequencies, while that of n-

BZY8 exhibits a completely separate semicircular arc with

an indication of another semicircular arc existing at lower

frequencies. In addition, the inset demonstrates that an

additional semicircular arc exists in the higher frequency

region in both spectra. The spectra obtained from both sam-

ples are composed of three semicircular arcs typically asso-

ciated with the bulk, the grain boundary, and the electrode

impedance in sequence.

The resistances (R) and capacitances (C) for the bulk and

the grain boundary were estimated by fitting the impedance

spectrum using a corresponding equivalent circuit based on

a bricklayer model. Two parallel RQ circuits in series were

employed to fit Fig. 1 (i.e.  and  with the sub-

scripts  and gb denoting the bulk and the grain boundary,

respectively. Q denotes a constant phase element given as

(C=(R1-nQ)1/n.). The values of  and  obtained from n-

BZY8 samples are ~3×10−12 and ~4×10−11 F, and those from

m-BZY8 are ~1×10−11 and ~7×10−9 F at 300oC, respectively.

The dielectric constant (ε), estimated from  was ~35 for

m-BZY8, agrees well with the value (ε=15~40) reported for

nominally pure barium zirconate,15,16) confirming that the

semicircular arc at the higher frequency region (the inset of

Fig. 2) indeed represents the bulk impedance. 

Fig. 2 demonstrates that R
gb

 measured from n-BZY8 at

300oC is significantly lower than that of m-BZY8 despite the

fact that the number of the grain boundaries in n-BZY8 is

more than an order of magnitude greater than that in m-

BZY8. On the other hand,  values measured from both

samples were virtually identical. Such a significant reduc-

tion in the grain boundary resistance in n-BZY8 results in

the reduced total resistance (i.e. ) in n-BZY8 com-

pared to that in m-BZY8.

Fig. 3 presents the measured protonic conductivity of the

bulk and the grain boundary in both m-BZY8 and n-BZY8

as a function of T. For comparison, also shown in Fig. 3 is

the bulk conductivity ( , solid line) of BaZr
0.9

Y
0.1

O
3-δ

 com-

puted from the Nernst-Einstein relation given as:

 (1)

where  is the diffusivity of the protonic defect, e and k
B

denote an elementary charge and the Boltzmann constant,

respectively. (For this calculation, the values of  and

 at different T for BaZr
0.9

Y
0.1

O
3-δ

 were taken from the

literature9)) The measured (  with L and A
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Fig. 1. SEM images of fracture surfaces (a) n-BZY8 and (b)
m-BZY8. The average grain sizes are ~85 nm and
~1 µm, respectively. The scale bars indicate 1 µm. 

Fig. 2. Impedance spectra of n- BZY8 and m-BZY8 obtained
in wet-N

2
 at 300oC. The inset shows the spectra in the

higher frequency region. The numbers indicate the
logarithmic frequencies in the range of 10-1~106 Hz.
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being the sample thickness and the electrode area, respec-

tively) of m-BZY8 is in good agreement with the calculated

values for BaZr
0.9

Y
0.1

O
3-δ

, indicating that the samples were

fully equilibrated with the gaseous water before the mea-

surements (it is reasonable to assume that  of

BaZr
0.9

Y
0.1

O
3-δ

 is very close to that of BZY8), and was virtu-

ally identical to that of n-BZY8 in the temperature range of

interest as expected from Fig. 2. On the other hand, the spe-

cific grain boundary conductivity (  with

τ=RC) (i.e. the conductivity across a single grain boundary)

of n-BZY8 was found to be nearly 3 orders of magnitude

higher than that of m-BZY8. 

The origin of the grain boundary resistance to the protonic

conduction in BZY has been attributed to the high sensitiv-

ity of the mobility, as well as the concentration, of the pro-

tonic defects to the symmetry reduction in the grain

boundary.9) Accordingly, a sample with higher density is

anticipated to reveal higher . As seen in Figure 1 and

also mentioned above, more pores exist at the grain bound-

aries in m-BZY8 and this may qualitatively explain the

observed much higher grain boundary conductivity of n-

BZY8 compared with that of m-BZY8. On the other hand, it

is also true that the difference in the density between n-

BZY8 and m-BZY8 may not be significant enough to cause

such a large difference in their . To further investigate

the sensitivity of  to the density of the sample, the pro-

tonic conductivity of n-BZY8 with the relative density of

~93%, close to that of m-BZY8 (~ 94%), was measured and is

shown in Fig. 3. The  measured from this sample was

still higher by 2.5 orders of magnitude relative to that of m-

BZY8. The difference in  between ~98% and ~93% n-

BZY8 was less than a factor of three while  measured

from both n-BZY8 was virtually identical as demonstrated

in Fig. 3. Thus the enhanced  observed for n-BZY8 is

predominantly due to the different nature of the grain

boundaries in n-BZY8 although a clear mechanistic picture

of protonic conduction at the grain boundaries in n-BZY8 is

still not at hand. 

 Finally, the total conductivity ( ) given by Eq. (2) was

estimated as a function of temperature. 

 (2)

Owing to the markedly enhanced  in n-BZY8, even 

of n-BZY8 was found to be higher than that of m-BZY8 by a

factor of 3~9 below 500oC depending upon T as expected

from Fig. 2, confirming that the protonic conductivity of a

chemically stable BZY can be enhanced by modifying its

microstructure.

In summary, we have prepared highly dense n-BZY8 and

measured its bulk and grain boundary conductivities sepa-

rately. In this nano-structured SE, the grain boundary con-

ductivity is increased by three orders of magnitude relative

to that of the micro-structured SE, while the bulk conductiv-

ity remains virtually constant. Such a remarkable enhance-

ment in the grain boundary conductivity leads to higher

total protonic conductivity of this nano-structured solid elec-

trolyte compared to that of conventional micro-structured

ones. Our observation implies that the nature of the grain

boundaries in n-BZY8 may vary with varying the grain size

and thus nano-structuring of such chemically stable pro-

tonic conductors can possibly be a viable alternative in the

search for a solid electrolyte for IT-SOFC applications.
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