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New kinds of yttrium-doped antimonic acid compounds with the compositional formula of
H1-3xYxSbO3‚nH2O (0 e x e 0.22, n ) 0.5) were successfully synthesized by solution processing
using the reaction of an aqueous hydrogen peroxide solution with antimony and yttrium
alkoxides, i.e., Sb(O-iso-C3H7)3 and Y(O-iso-C3H7)3, respectively. It is recognized from TEM
measurements that the resulting materials (x ) 0 and 0.12) consist of fine crystals with a
relatively uniform particle size of 40-50 nm. The Rietveld refinement based on X-ray
diffraction data revealed that the Y atoms in the materials are present on an interstitial
16d site. The ionic transference numbers and proton conductivity were evaluated using ac
and dc measurement methods. Consequently, it was found that the ionic transference
numbers are over 0.98 regardless of the yttrium-doping degrees and that the proton
conductivity is significantly enhanced by the yttrium doping; the conductivity at 20 °C is
8.3 × 10-5 and 3.8 × 10-3 S cm-1, respectively, for the pure material and the doped material
(x ) 0.12). The activation energies of 0.58 and 0.43 eV in the temperature range of 243-298
K are obtained for the pure material and the doped material (x ) 0.12), respectively. Such
variation in the proton conduction is qualitatively interpreted in terms of the strength of
the hydrogen bonding between the oxygen atoms of the (Sb2O6

2-) frameworks and H2O or
H3O+ species, which changes according to the yttrium doping.

Introduction

Recently, some metal hydrous oxides with a high
proton conductivity such as ZrO2‚nH2O and WO3‚nH2O
have become of interest as an electrolyte for fuel cells
working in the intermediate temperature range of 100-
300 °C.1,2 At present, the perfluorinated ion-exchange
membrane (Nafion) is exclusively used as the electro-
lyte,3,4 and considerable efforts have been devoted to it
during the past few years. In fact, Nafion has the high
proton conductivity of 10-2 S cm-1 at room tempera-
ture;5,6 however, there are some disadvantages derived
from the polymer itself. It suffers from a low operating
temperature such as below 100 °C and from perme-
ability by many kinds of organic solvents.7 Moreover,
its high cost is still prohibitive for wide commercial
applications. Therefore, the preparation of materials as
a substitute for Nafion is now being realized.

For antimonic acids (HSbO3‚nH2O or Sb2O5‚nH2O),
there are structurally three polymorphous types: cubic
(pyrochlore-type), monoclinic, and amorphous.8,9 It is
known that the pyrochlore-type antimonic acid has a
relatively high proton conductivity of ∼10-4 S cm-1 at
room temperature.10 In general, pyrochlore-type com-
pounds are represented by the formula A2M2O6O′ and
correspond to space group symmetry of Fd3hm.11 As
shown in Figure 1, this structure is characterized by a
three-dimensional (M2O6

n-) framework built up of vertex-
linked MO6 octahedra. In this framework, there are
interconnected channels with large cavities (8 per unit
cell).11 For the pyrochlore-type antimonic acid, A ) H
or H3O, M ) Sb, and O′ can be replaced by H2O. Slade
et al.12 have revealed that the full structure at ambient
temperature is assumed to be H0.72(H3O)0.28SbO3‚
0.22H2O from the Rietveld refinement using neutron
diffraction data.

Between the three different H species in the pyro-
chlore-type antimonic acid, there is the following equi-
librium:12,13

The proton conduction occurs by the Grotthuss mech-
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anism (or translocation) between the H3O+ and H2O
species.6,12,13 A number of studies have been devoted to
the proton conduction of the pyrochlore-type antimonic
acid or related compounds over the past 2 decades. To
our knowledge, however, there is no report in which the
proton conductivity is remarkably enhanced so as to
cope with the industrial demand such as over 10-2 S
cm-1 at ambient temperature. Taking into account the
compositional flexibility of the structure, various con-
ductivities can be expected for the pyrochlore-type
antimonic acid due to chemical substitution or insertion.
Indeed, with respect to the chemical substitution,
Riviere et al.14 reported the H2xSb2xW2-2xO6‚nH2O (x )
0.5-1.0) compounds. However, its proton conductivity
shows a lower value as compared to that of the pure
material.

From this point of view, we have prepared yttrium-
doped antimonic acids, and recently, it was found that
the proton conductivity of the materials is significantly
enhanced.

In this paper, we first describe the preparation of the
yttrium-doped antimonic acids and their structural
characterization. Second, we discuss some electrical
properties of the materials, that is, the ionic transfer-
ence numbers and the proton conductivity.

Experimental Section

Preparation Procedure. The yttrium-doped antimonic
acids were prepared by solution processing using the direct
reaction of an aqueous hydrogen peroxide (H2O2) solution with
the antimony and yttrium alkoxides: Sb(O-iso-C3H7)3 and
Y(O-iso-C3H7)3 (>99.9%, Kojundo Chemical Lab. Co.). As
reported by Kudo and co-workers,15,16 in this procedure, peroxo-
polymetallic acids with the peroxo groups of M-O-O-M′ (M
and M′: metals) may be produced as precursors. These
alkoxides were proportionally weighed for the Y/Sb molar
ratios (the yttrium-doping degrees) of 0-0.3. Each quantity

of Y(O-iso-C3H7)3 was dissolved in a small amount of 2-ethoxy-
ethanol (C2H5OCH2CH2OH, >99%, Aldrich) and mixed with
Sb(O-iso-C3H7)3. These mixtures were added in limited amounts
to a 30% H2O2 aqueous solution and then refluxed at ∼100 °C
for over 3 h that produced translucent white sols. Subse-
quently, the excess H2O2 in the sols was catalytically decom-
posed using several platinum foils, and the organic residue
was removed by extraction with diethyl ether. Finally, the sols
were dried by evaporation at 120 °C to give the yttrium-doped
antimonic acid powders. The resulting powders were held for
more than 24 h at the saturated water vapor pressure and at
the temperature of 20 °C and then used for the following
characterization and electrical property measurements.

Characterization. To investigate the morphology of the
yttrium-doped antimonic acids, transmission electron micros-
copy (TEM) measurements were done for the materials
produced in the sols using a field emission gun transmission
electron microscope (JEOL JEM4000EX).

The thermal decomposition behavior was investigated by
thermogravimetric analysis (TGA) at the heating rate of 5 °C/
min in an argon atmosphere using a Mac Science TGA2000
thermal analyzer. The specific areas were estimated using the
BET equation based on the adsorbed areas of the nitrogen
molecules. The Y/Sb molar ratios and Sb3+/(Sb5+ + Sb3+) ratios
in the resulting powders were determined by atomic adsorption
spectroscopy and KMnO4 titration methods,17 respectively. For
the latter method, after the sample powders were dissolved
in a 6 mol % HCl aqueous solution, the quantities of the Sb3+

ions were determined on the basis of the oxidation reaction of
Sb3+ f Sb5+ by titrating a 0.1 mol % KMnO4 aqueous solution.

For the purpose of the identification of the crystalline phase
and structure, X-ray diffraction experiments were done at
ambient temperature using a rotating cathode X-ray diffrac-
tometer (JEOL JDX3500) at 35 kV and 300 mA with graphite-
monochromatized Cu KR radiation (λ ) 1.54178 Å). The lattice
parameters were determined by an iterative least-squares
procedure using at least six Bragg reflections with 2θ values
in the range of 20-75°. The powder X-ray diffraction refine-
ment was performed for the yttrium-doped antimonic acids
by the Rietveld method using the RIETAN computational
system.18 For this refinement, the X-ray diffraction data were
collected using a 2θ-θ step-scanning mode in the 2θ range of
10-100° with a step width of 0.02° and a step time of 5 s. For
collecting the data, the sample powers were well grounded and
attached as lightly as possible on a sample holder.

Electrical Property Measurements. The ionic transfer-
ence numbers were determined by a simplified polarization
method in which polarization-depolarization curves were
recorded by applying a 1-V dc bias and cutting it off at the
temperature of 20 °C. The proton conductivity was evaluated
by an ac impedance method using a Hewlett-Packard 4194
analyzer. For these measurements, compact polycrystalline
disks being 13 mm in diameter and ∼1-mm thick and having
a constant relative density of ∼60% were used as the samples;
the disks were prepared by pressing the resulting powders at
147 MPa. As the electrodes, nickel sponges were attached to
both sides of the disks by pressing, and then platinum wires
were connected to the nickel sponges using a silver paste.
Furthermore, to control and maintain the water content, the
disks were held again for more than 24 h at the saturated
water vapor pressure and at the temperature of 20 °C and then
immediately embedded in an epoxy resin (SpeciFix-20, Struers
A/S).19

Results and Discussion

Morphology. Figure 2 shows the bright-field TEM
images of the yttrium-doped antimonic acid compounds
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Figure 1. Three-dimensional (M2O6
n-) framework built up

of vertex-linked MO6 octahedra in the cubic pyrochlore struc-
ture.
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having the Y/Sb molar ratios (the x values) of 0, 0.12,
and 0.22, formed in the sols after the reaction of an
aqueous H2O2 solution with the antimony and yttrium
alkoxides. Selected area electron diffraction images are
also shown in Figure 2. Note that the x values refer to
the analytical ones, hereafter. As shown in Figure 2a,
the compound for x ) 0 consists of fine crystals with an
octahedral geometry, and the individual crystals char-
acteristically have a relatively uniform particle size of
∼50 nm. Its electron diffraction image derived from one
particle shows a typical spot pattern of a cubic cell
corresponding to the pyrochlore-type antimonic acid.
Almost similar morphology, but a somewhat smaller
particle size of ∼40 nm, can be seen in the compound
for x ) 0.12 in Figure 2b. On the other hand, for the
compound material with x ) 0.22 in Figure 2c, the
particles are coated with amorphous material with a
very small particle size of below 5 nm, and halo patterns
appear in the diffraction image. Such an amorphous
material is found to be also present in the interparticle
region.

Water Content, Specific Surface Areas, and Sb3+/
(Sb5+ + Sb3+) Ratios. Typical thermogravimetric curves
for the yttrium-doped antimonic acids (x ) 0 and 0.12)
are shown in Figure 3; note that the thermogravimetric
analyses were carried out immediately after holding the
sample powders at the saturated water vapor pressure.
It was found that a weight loss occurs in four temper-
ature stages for both compounds (x ) 0 and 0.12):
approximately room temperature to 100 °C, 190-230
°C, 250-500 °C, and 530-620 °C. Such behavior is

almost consistent with the results of Abe and Ito9 and
Riviere et al.,14 in which a weight loss, due to the release
of the surface (and/or interparticle) water and the bulk
water, occurs according to the following reactions:

where the n1 and n2 values refer to the surface and bulk
water contents, respectively. It is also reported that

Figure 2. TEM images of the pure material (a) and the yttrium-doped materials for x ) 0.12 (b) and x ) 0.22 (c) formed in the
sols after the reaction of antimony and yttrium alkoxides with an aqueous hydrogen peroxide solution, together with the selected
area electron diffraction images.

Figure 3. Thermogravimetric analysis plots for the materials
(x ) 0 and 0.12).

HSbO3‚(n1+n2)H2O f HSbO3‚n2H2O (at ∼250 °C)
(2)

HSbO3‚n2H2O f HSbO3 (at ∼350 °C) (3)

HSbO3 f SbO2.5 (at ∼530 °C) (4)
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there is a weight loss at the higher temperature of ∼600
°C, caused by the release of oxygen molecules according
to the following reaction:

Table 1 lists the surface and bulk water contents (the
n1and n2 values) in the yttrium-doped antimonic acids
(x ) 0, 0.12, and 0.22) estimated from the thermogravi-
metric curves together with specific surface areas and
Sb3+/(Sb5+ + Sb3+) ratios. The specific surface areas
have significantly increased with the increasing x
values. Such behavior is considered to result from the
enlargement of the amorphous material as mentioned
in the TEM results. The Sb3+/(Sb5+ + Sb3+) ratios are
nearly zero between the compounds for x ) 0 and 0.12,
which will be discussed later in connection with the
introduction of hydrogen vacancies. It was found that
the n1 values increase from 0.96 to 1.91 with the
increasing x values, which are responsible for the
increasing specific surface areas. On the other hand,
there is no significant difference in the n2 values; the
n2 value is 0.54 and 0.52, respectively, for x ) 0 and
0.12. The slightly smaller n2 value of 0.41 observed for
x ) 0.22 is supposed to seemingly occur because of the
significant enlargement of the amorphous material.

The structural requirements correspond to a composi-
tion of HSbO3‚0.5H2O (or Sb2O5‚2H2O) for the pyro-
chlore-type antimonic acid with the maximum bulk
water content, as indicated by Slade et al.12 Thus, taking
into account the above thermogravimetric results, it
may be concluded that the bulk water content in the
yttrium-doped antimonic acids after holding at the
saturated water vapor pressure is n2 ) 0.5 for a
composition of H1-3xYxSbO3‚n2H2O.

Structural Characterization. Figure 4 shows the
X-ray diffraction profiles of the yttrium-doped antimonic
acids with various yttrium-doping degrees of x )
0-0.32. When the x values are between x ) 0 and x )
0.22, all the Bragg reflections can be assigned to those
of the pyrochlore-type antimonic acid. Simultaneously,
the reflection lines shift to higher 2θ values and broaden
in width with the increasing yttrium-doping degrees;
the former behavior refers to the lattice contraction and
the latter to the decrease in crystallinity. On the other
hand, when the x value is beyond 0.22, the X-ray
diffraction profiles drastically transform into that of an
amorphous material.

In Figure 5, the cubic lattice parameters in the
yttrium-doped antimonic acids are plotted as a function
of x in the x range of 0-0.22. It was found that the
lattice parameters linearly decrease with an increase
in the x value. Such variation in the lattice parameters
are related to the Y atom position in the structures, as
will be discussed in the following section.

In the pyrochlore-type antimonic acid, it is generally
accepted that the Sb and O(1) atoms, consisting of the
SbO6 octahedra, are placed on a 16c site (0, 0, 0) and a
48f site (x, 1/8, 1/8), respectively.10,12,14 In addition, Slade
et al.12 have revealed by neutron powder diffraction
refinement that the O(2) atoms of the H2O or H3O+

species are correctly positioned on a 32e site (x, x, x).
Except for the 32e site, a 16d site (1/2, 1/2, 1/2) and an 8b
site (3/8, 3/8, 3/8) are present as interstitial sites in the
cavity for the pyrochlore-type antimonic acid.11,12

With respect to the chemical substitution of the
pyrochlore-type antimonic acid, Riviere et al.14 reported
that part of the Sb atoms are replaced by the W atoms
in the H2xSb2xW2-2xO6‚nH2O (x ) 0.5-1.0) compounds.
Such a substitution may be due to the fact that there is
no significant difference between the ionic radii of Sb5+

Table 1. Surface Water Content (n1), Bulk Water Content
(n2), Specific Surface Areas, and Sb3+/(Sb5+ + Sb3+)

Ratios for the Yttrium-Doped Antimonic Acids (x ) 0,
0.12, and 0.22)

x
(Y/Sb molar
ratio from
chemical
analysis)

water content
n: total

n1: surface
(and/or interparticle)

n2: bulk

specific
area

(m2 g-1)
Sb3+/(Sb5+ + Sb3+)

ratio

n ) 1.5
0 n1 ) 0.96 39.8 0.020

n2 ) 0.54

n ) 1.72
0.12 n1 ) 1.20 64.6 0.023

n2 ) 0.52

n ) 2.32
0.22 n1 ) 1.91 114.9

n2 ) 0.41

SbO2.5 f 1/6Sb6O13 (5)

Figure 4. X-ray diffraction profiles of the yttrium-doped
antimonic acids with various yttrium-doping degrees of x )
0-0.32.

Figure 5. Lattice parameters as a function of x in the yttrium-
doped antimonic acids.
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and W6+; r(Sb5+) ) 0.060 and r(W6+) ) 0.060 nm when
both the individual coordination numbers (CN) are 6.20

In contrast, the ionic radius of Y3+ is much larger than
that of Sb5+; r(Y3+) ) 0.090 nm for CN ) 6.20 Therefore,
taking into account the variation in the lattice param-
eters, it is reasonable to postulate that the Y atoms in
the yttrium-doped antimonic acids are not substituted
for the Sb atoms occupying the 16c sites, but placed on
an interstitial site. Assuming that the Y atoms are
positioned this way since the Sb3+/(Sb5+ + Sb3+) ratios
are nearly zero (Table 1), hydrogen vacancies would be
introduced to maintain charge balance, and thus, the
compositional formula is suggested to be H1-3xYx-
SbO3‚nH2O for the yttrium-doped antimonic acids.

The Rietveld refinement was performed for the yt-
trium-doped antimonic acids (x ) 0 and 0.12) with the
maximum bulk water content, that is, HSbO3‚0.5H2O
and H0.64Y0.12SbO3‚0.5H2O. In the refinement, the space
group Fd3hm was selected, and the positions for the Sb,
O(1), and O(2) atoms were fixed at 16c, 48f, and 32e,
respectively. The Y atom position was then fixed at 16d.
Indeed, except for the 16d site, the Y atom position can
be assumed to be 32e or 8b; however, it was found that
such positioning led to poorer convergence in the refine-
ment. Next, the occupancy factor of each site was fixed
according to the compositional formula of H1-3xYx-

SbO3‚nH2O. For example, in the case of H0.64Y0.12-
SbO3‚0.5H2O, the occupancy factor was fixed at 1.0,
0.12, 1.0, and 0.25, respectively, for the 16c (Sb), 16d
(Y), 48f (O(1)), and 32e (O(2)) sites, where the occupancy
factor of 0.25 for the 32e site corresponds to 0.5 O(2)
atoms per formula unit cell. Furthermore, the individual
isotropic thermal parameters (B values) were fixed
except for that of the Sb atom in the case of HSbO3‚
0.5H2O because they became negative due to their
correlation with other parameters. Figure 6 shows the
observed and calculated X-ray diffraction profiles of the
as-synthesized yttrium-doped antimonic acid (H0.64Y0.12-
SbO3‚0.5H2O) and its crystallographic model. The final
results of the refinement are summarized in Table 2.
It should be noted that a good minimization of the
difference is obtained with good reliability factors:
Rwp ) 0.087, Rexp ) 0.027, and RF ) 0.025 for
H1-3xYxSbO3‚0.5H2O (x ) 0.12). The results of the
Rietveld refinement ensure the validity of the model
structure.

As shown in Figure 7, the 16d site, that is, the Y atom
position, is at the center of the so-called cavity window.
For this structure, it is to be noted that the O(1)-O(2)
distance, referring to the strength of the hydrogen
bonding between the O atoms of the (Sb2O6

2-) frame-
works and the H2O or H3O+ species, is elongated by the
yttrium doping. As listed in Table 2, the shortest
distance is 2.60 and 2.71 Å, respectively, for the HSbO3‚
0.5H2O and H0.64Y0.12SbO3‚0.5H2O compounds. How-

(20) David, R. D., Ed. CRC Handbook of Chemistry and Physics;
CRC Press: Boca Raton, FL, 1999.

Figure 6. Observed and calculated X-ray diffraction profiles of the as-prepared yttrium-doped antimonic acid (H0.64Y0.12SbO3‚
0.5H2O) and the crystallographic model.

Table 2. Refined Structural Parameters of HSbO3·0.5H2O and H1-3xYxSbO3·0.5H2O (x ) 0.12)'

HSbO3‚0.5H2O H1-3xYxSbO3‚0.5H2O (x ) 0.12)

Space Group
Fd3hm Fd3hm

Lattice Parameter
10.3656(4) Å 10.2881(4) Å

Atomic Position and Isotropic Thermal Parameter
Sb: 16c (0, 0, 0); occp. ) 1, B ) 0.6(3) Å2 Sb: 16c (0, 0, 0); occp. ) 1, B ) 0.5 Å2

O(1): 48f (x, 1/8, 1/8); occp. ) 1, B ) 1 Å2, x ) 0.323(3) O(1): 48f (x, 1/8, 1/8); occp. ) 1, B ) 1 Å2, x ) 0.331(2)
O(2): 32e (x, x, x); occp. ) 0.25, B ) 1 Å2, x ) 0.553(7) O(2): 32e (x, x, x); occp. ) 0.25, B ) 1 Å2, x ) 0.589(5)

Y: 16d (1/2, 1/2, 1/2); occp. ) 0.12, B ) 0.5 Å2

R Factor
Rwp ) 0.118, Rexp ) 0.037, RF ) 0.027 Rwp ) 0.087, Rexp ) 0.027, RF ) 0.025

Shortest Interatomic Distance
Sb-O(1): 1.98(1) Å; O(1)-O(1): 2.70(1) Å Sb-O(1): 2.00(1) Å; O(1)-O(1): 2.65(1) Å
O(1)-O(2): 2.60(1) Å O(1)-O(2): 2.71(1) Å

Y-O(1): 2.52(1) Å; Y-O(2): 2.52(1) Å
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ever, as a matter of course, X-ray diffraction alone does
not provide the information on the H positions or the
quantitative proportions of the H2O and H3O+ species.
Further investigations are needed in the future regard-
ing such information,

Ionic Transference Numbers. The ionic transfer-
ence numbers of the mixed conductors can be deter-
mined using a simplified polarization method, for which
the introduction of an ion-blocking electrode is regarded
as an essential technique.21 The ionic transference
number (ti) is given by the following equation

and, because σ(∞)/σ(0) ) I(∞)/I(0),

where I(0) and I(∞) are the dc currents at the initial
and infinite times, respectively. In the actual dc mea-
surements, there is usually a time lag between the
observed and real values of I(0), and thus, the I(0) values
were determined by the ac measurements in this study.
Figure 8 shows the typical polarization-depolarization
curve for the yttrium-doped antimonic acids (x ) 0 and
0.12, n ) 0.5), recorded by applying a 1-V dc bias and
cutting it off at the temperature of 20 °C. As shown in
Figure 8, the polarization-depolarization curve is clear
and symmetrical; the currents reach a steady state
within initial tens of seconds during both the polariza-
tion and depolarization processes. It was confirmed that
such a clear polarization-depolarization curve is also

observed for the x ) 0.22 material. All the transference
numbers determined from eq 7 were found to be above
0.98, which suggests that the conduction is almost
complete ionic proton conduction.

Proton Conductivity. Figure 9 shows the typical
complex impedance plots (Cole-Cole plots) for the
yttrium-doped antimonic acids (x ) 0 and 0.12, n ) 0.5)
measured in the frequency region of 102-105 Hz at the
temperatures of 243 and 273 K. In Figure 9, an
equivalent electrical circuit for a homogeneous ionic
conductor with ion-blocking electrodes is also shown.22

The plots consist of two parts: a semicircle in the high-
frequency region (103-105 Hz) and a straight line with
a slope of 45° in the low-frequency region (102-103 Hz).
Such behavior is consistent with that resulting from the
equivalent electrical circuit.

The proton conductivity can be evaluated from the
diameters of the semicircles, signifying the bulk resis-
tance and the geometric factors of the disk samples, that
is, the electrode areas and thickness. Figure 10 shows
the temperature dependence of the proton conductivity
(σ) in the temperature range of 243-298 K. In Figure
10, the activation energies (Ea) calculated from the
Arrhenius equation are also given. It is obvious that
each plot consists of one or two straight lines. Compared
with the behavior for x ) 0 and 0.12, it was found that
the proton conductivity for x ) 0.12 is nearly 2 orders

(21) Vest, R. W.; Tallan, N. M. J. Appl. Phys. 1965, 36, 543.
(22) West, A. R. Solid State Chemistry and Its Application; Wiley:

New York, 1984.

Figure 7. The O(1), O(2), and Y atom positions in the cavity
of the yttrium-doped antimonic acid.

Figure 8. The typical polarization-depolarization curves for
the materials (x ) 0 and 0.12) recorded by applying a 1-V dc
bias and cutting it off at the temperature of 20 °C.

ti ) σ(ion)/σ(total) ) 1 - σ(electron)/σ(total) )
1 - σ(∞)/σ(0) (6)

ti ) 1 - I(∞)/I(0) (7)

Figure 9. Typical Cole-Cole plots for the materials (x ) 0
and 0.12) recorded in the frequency range of 102-105 Hz at
the temperatures of 243 and 273 K for x ) 0.12 and 0,
respectively. An equivalent electrical circuit for a homogeneous
ionic conductor is also shown. Rb, bulk resistance; Cb, bulk
capacitance; Cdl, electrode capacitance; Re, electrical resistance.

Figure 10. Temperature dependence of the proton conductiv-
ity (σ) of the materials (x ) 0, 0.12, and 0.22) in the
temperature range of 243-298 K. The activation energies
calculated from the Arrhenius equation are also shown.

Yttrium-Doped Antimonic Acids Chem. Mater., Vol. 15, No. 4, 2003 933



of magnitude greater than that for x ) 0 in the
investigated temperature range. For example, the pro-
ton conductivity at 298 K is 3.8 × 10-3 and 8.3 × 10-5

S cm-1, respectively, for x ) 0.12 and 0. On the other
hand, the activation energy is reduced from 0.58 to 0.43
eV as the x value increases from 0 to 0.12.

For x ) 0.22, the conductivity at 298 K (1.6 × 10-5 S
cm-1) is lower than that for x ) 0, which suggests that
the enlargement of the amorphous material does not
contribute to an enhancement in the proton conductiv-
ity. The activation energies of 0.98 and 0.27 eV were
obtained in the temperature range of 243-273 and 273-
298 K, respectively. The high Ea value of 0.98 eV is
attributed to the so-called quasifree water freezing, as
reported in the H3Sb3P2O14‚nH2O by Deniard-Courant
and Piffard.19 The small Ea value of 0.27 eV suggests
that the proton conduction for the x ) 0.22 material
occurs by a surface liquidlike water mechanism.6,23

In connection with the enhancement in the proton
conductivity observed for x ) 0.12, it may be pointed
out that the O(1)-O(2) distance is elongated as listed
in Table 2. Such an elongation may weaken the hydro-
gen-bond network in the cavity that makes molecular
rotation easier, and an easier molecular rotation would
reduce the Ea values, as reported for the compounds of
H5O2{M(SO4)2‚2H2O} (M ) Fe, In or Tl) by Brach and
Goodenough.24 However, further investigations are
needed to fully understand the mechanism.

Conclusions
We have demonstrated the preparation of the yt-

trium-doped antimonic acids by solution processing

using the reaction of antimony and yttrium alkoxides
with an aqueous H2O2 solution, and the characterization
and some electrical properties of these materials. It is
recognized that the resulting materials (x ) 0 and 0.12)
consist of fine crystals with an octahedral geometry and
that the individual crystals characteristically have a
relatively uniform particle size of 40-50 nm. The
Rietveld refinement based on the X-ray diffraction data
reveals that the Y atoms in the materials are doped into
the 16d site of an interstitial site in the cavity. The
proton conductivity at 20 °C for the material (x ) 0.12)
is significantly enhanced by about 2 orders of magnitude
compared to that for the pure material. Such an
enhancement is qualitatively interpreted in terms of the
yttrium-doping effect on the strength of the hydrogen
bonding between the O atoms of the (Sb2O6

2-) frame-
works and H2O or H3O+ species. At present, further
investigations are in progress regarding the enhance-
ment in the proton conductivity.

Similar behavior on the structural and electrical
properties can also be observed for the bismuth-doped
antimonic acids, which will be reported soon.
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