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Abstract Electrical conductivity of lanthanum ultraphosphate
and neodymium oxyphosphate both doped with strontium,
La1-xSrxP5O14-δ (x00, 0.01, 0.03 and 0.05 in nominal formu-
lae) and (Nd1-xSrx)3PO7-δ (x00 and 0.03), respectively, was
investigated with a two-probe ac technique. The electrical
conductivity was measured as functions of oxygen partial
pressure and water vapor pressure in the temperature range of
523 to 673 K for the former and 973 to 1273 K for the latter.
La1-xSrxP5O14-δ have considerable protonic conductivity,
which was evidenced by isotope effect of hydrogen and deu-
teron on the electrical conductivity, over the wide range of
oxygen partial pressure such as oxygen and hydrogen contain-
ing atmospheres. La1-xSrxP5O14-δ exhibit protonic conductivi-
ties of 4.7×10−5−2.2×10−3 S cm−1 in the temperature range of
523–673 K, which is comparable to the other phosphate based
protonic conductors. Although protonic defects are considered
to be induced and amajor positive defect in (Nd0.97Sr0.03)3PO7-

δ, attributed to small protonic mobility, (Nd0.97Sr0.03)3PO7-δ is a
mixed oxide ion and electron hole conductor at 1173–1273 K,
then, it turns to be electron hole conductor below temperatures
of 1073 K. (Nd0.97Sr0.03)3PO7-δ in 1.0×10

−2 atm oxygen–1.9×
10−2 atm water vapor had smaller conductivity than that in
unhumidified 1.0×10−2 atm oxygen. The conductivities were
9.7×10−3−3.1×10−1 S cm−1 and 2.8×10−3−2.5×10−1 S cm−1

in the above gases, respectively, in the temperature range of
973–1273 K. (Nd0.97Sr0.03)3PO7-δ had larger activation energy

such as 165 kJ mol−1 than proton conducting La1-xSrxP5O14-δ

(76 kJ mol−1) including other proton conducting phosphates
(68–86 kJ mol−1).

Keywords Lanthanum ultraphosphate . Neodymium
oxyphosphate . Defects . Conductivity

1 Introduction

Some acceptor-doped ceramics such as perovskite-type oxides
[1–10], phosphates [11–26], borates [27], niobates and tanta-
lates [28] etc. are known to significantly conduct protons at
high temperatures. For such materials, oxygen deficiency and
ambient water vapor are essential in order to exhibit protonic
conductivity. In the case of (La,Sr)PO4, for instance, substitu-
tion of lower valent cation, Sr in this case, into La-site leads to
the formation of oxygen deficiency. The formation of oxygen
deficiency accompanied by dopant dissolution is expressed
[13] by using the Kröger-Vink notation [29] as,

1

2
Sr2P2O7 ! Sr0La þ

1

2
P2O7ð Þ��2PO4

ð1Þ

The equilibrium of the ceramics with water vapor can be
written as,

1

2
P2O7ð Þ��2PO4

þ 1

2
H2O

!
 HPO4ð Þ�PO4

ð2Þ

The carrier concentration in the material can be expressed
using the equilibrium constant, K1, of Eq. (2) as,

HPO4ð Þ�PO4

h i
¼ K1 P2O7ð Þ��2PO4

h i1
2
p

1
2
H2O

ð3Þ

High-temperature protonic conductors are expected as
candidates of the electrolytes for electrochemical devices
such as gas sensors, hydrogen pumps, steam electrolysis
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and solid oxide fuel cells [3–7]. Especially for solid oxide
fuel cell application, intermediate temperature operation
such as 673–873 K is advantageous because the activation
energy of proton migration is generally smaller than that of
oxide ion migration [6, 7]. However, some of the proton
conducting ceramics developed earlier, i.e. cerates, are high-
ly reactive to ambient gases such as carbon dioxide and/or
water vapor [30–35], since they contain alkaline earth
metals as a main component. Thus, one of the important
scientific and technological challenges is to let the
ceramics have high chemical stabilities against the
abovementioned gas species while having high protonic
conductivity. In this context, rare-earth phosphates,
which do not contain the alkaline earth metals as main
component, are expected as one of material candidates
showing high chemical stabilities as well as high
protonic conductivity.

To date, phase relationships of La2O3–P2O5 and
Nd2O3–P2O5 were revealed by Niinisto and Keskela
[36], and Wong and Kreidler [37], respectively. Both
systems have RE3PO7, RE7P3O18, REPO4, REP3O9,
RE2P4O13 and REP5O14 (RE0La, Nd). In this study,
we chose lanthanum ultraphosphate, (La,Sr)P5O14, and
neodymium oxyphosphate, (Nd,Sr)3PO7, as target mate-
rials for evaluation of the electrical conductivities. So
far, preparation methods of the rare-earth ultra-
phosphates [38, 39], crystal structural analysis [40,
41], luminescent properties of the rare-earth oxy-
phosphates [42–44], and recently electrical conductivity
of non-dope LaP5O14 [25, 26] and a single crystal of
Sr-doped LaP5O14 [26] have been investigated. Howev-
er, there still remain questions on the correlation
between the defect structure and the electrical conduc-
tivities for both phosphates. Since the defect structure,
thus the electrical conductivity, is affected by the gas
partial pressures, the electrical conductivity is needed to
be investigated under controlled environments, i.e. ox-
ygen partial pressure and water vapor pressure, in order
to achieve better understanding the defect structures
and the conducting natures.

As mentioned in the 1st paragraph of this section, the
oxygen deficit in the lanthanum ortho-phosphates is intro-
duced as P2O7ð Þ��2PO4

by Sr-doping into La-site as in Eq. (1)

[13]. In the cases of the lanthanum ultraphosphates and
neodymium oxyphosphates, however, it is not sure how
the oxygen deficit is introduced. Thus, for convenience,
we use V ��O to express the oxygen deficit for the
following. The oxygen deficit is induced by doping of
Sr into La-site and Nd-site of ultraphosphates and
oxyphosphates, respectively, as,

SrO! Sr0RE þ O�O þ
1

2
V ��O ð4Þ

The equilibrium of the ultraphosphate and oxyphosphate
with oxygen gas is expressed as,

1

2
O2 þ V ��O ¼ O�O þ 2h� ð5Þ

and the equilibrium constant, K2, of Eq. (4),

K2 ¼
O�O
� �

h�½ �2

p
1
2
O2

V ��O
� � ð6Þ

The equilibrium of the ceramics with ambient water
vapor is expressed as,

H2Oþ O�O þ V ��O ¼ 2 OHð Þ�O ð7Þ
The equilibrium constant, K3, of Eq. (6),

K3 ¼
OHð Þ�O

� �2
pH2O O�O

� �
V ��O
� � ð8Þ

The charge neutrality condition provides,

OHð Þ�O
� �þ 2 V ��O

� �þ h�½ � ¼ Sr0La
� � ð9Þ

The site balance of O2--site gives,

O�O
� �þ V ��O

� �þ OHð Þ�O
� � ¼ 3 ð10Þ

Based on Eqs. (6), (8)–(10), the oxygen partial pressure
and water vapor pressure dependences of the defect
concentrations are shown in Fig. 1 (a) and (b),
respectively.

The total conductivity, σ, is expressed by sum of the
partial conductivity contributions of species i as,

σ ¼ σHþ þ σO2� þ σh ð11Þ
The partial conductivity is related to the defect concen-

tration of species i as,

σi ¼ ziemici ð12Þ
where zi, mi and ci are the charge number, the mobility and
the concentration of species i. e is the elementary charge.
From the gas partial pressure dependence of the electrical
conductivity, predominant carriers can be estimated under
the assumption that the mobility is independent of gas
partial pressures. For instance, when the charge neutrality
condition, Sr0Nd

� � ¼ 2 V ��O
� �

, holds, the concentrations of

proton and electron hole are expressed as OHð Þ�O
� � / p

1
2
H2O

and h½ � / p
1
4
O2
, respectively. Thus, the partial conductivities

of oxide ion, proton and electron hole are expressed as,

σO2� ¼ σ�
O2�, σHþ ¼ σ�Hþp

1
2
H2O

and σh ¼ σ�hp
1
4
O2
, respectively,

where σ�
O2�, σ�Hþ and σ�h are constants. Similarly, when the

electron hole is the major positive defects, i.e. Sr0Nd
� � ¼ h½ �,

the relations, σO2� ¼ σ�
O2�p

�1
2

O2
, σHþ ¼ σ�Hþp

�1
4

O2
p

1
2
H2O

and
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σh ¼ σ�h, hold. Then, when Sr0Nd

� � ¼ OHð Þ�O
� �

holds, the

relations, σO2� ¼ σ�
O2�p�1H2O

, σHþ ¼ σ�Hþ and σh ¼ σ�hp
1
4
O2
p
�1

2
H2O

,

are expected. Figure 1 shows the Brouwer diagram con-
structed based on Eqs. (6), (8) and (9) with assuming
O�O
� � � 3 in Eq. (10).

In this study, electrical conductivity measurements were
carried out for La1-xSrxP5O14-δ (x00, 0.01, 0.03 and 0.05 in
nominal formulae) and (Nd1-xSrx)3PO7-δ (x00 and 0.03).
Major carriers in the above materials are identified based
on the electrical conductivities as functions of water vapor,
oxygen partial pressures and isotopic effect of hydrogen and
deuteron on the electrical conductivity.

2 Experimental

Powders of ultraphosphates, La1-xSrxP5O14-δ (x00, 0.01,
0.03 and 0.05 in nominal), were prepared via the reported
manner [38]. Appropriate amount of La2O3 (99.99 %, Rare
Metallic Co., Ltd.) and SrCO3 (99.99 %, Rare Metallic Co.,
Ltd.) were mixed together with twentyfold of phosphoric
acid to metals in molar number (P= Laþ Srð Þ ¼ 20) in a gold
crucible. Then, it was baked at 873 K or 973 K for 20 h in
air. The resultant powders were filtered and well washed in
distilled water with an ultrasonic washer in order to remove
remaining phosphoric acid. Powders of (Nd1-xSrx)3PO7 (x0
0 and 0.03) were prepared by a conventional solid state
reaction route. Parts of the starting powders, NdPO4 and
SrHPO4, were separately prepared by a precipitation method
as in the literature [12, 13] prior to the solid state reaction.
Starting powders of NdPO4, SrHPO4 and Nd2O3 were
weighed in stoichiometric ratios and well mixed with a
zirconia mortar and a zirconia pestle, and then, calcined at
1073–1673 K for 5–15 h. XRD (X-ray diffraction, M18X,
Bruker AXS) measurements were carried out in order to
check if the synthesized powders consisted of single phases.

The products were sintered in the form of disc using the
SPS (Spark Plasma Sintering) equipment (Dr. Sinter LabTM,
SPS Syntex Inc.). The pressure and the duration for the SPS
were set to 30 MPa and 5 min, respectively, in the

temperature ranges of 1223 K to 1278 K for (La,Sr)P5O14

and of 1723 K for (Nd,Sr)3PO7. Platinum was coated onto
both surfaces of the specimens using an ion-coater (IB-5,
Eiko Engineering Co., Ltd.) for (La,Sr)P5O14 while plati-
num paste was painted onto the surfaces of (Nd,Sr)3PO7 as
electrodes for the electrical conductivity measurements. The
cell was set to a single-chamber type apparatus as shown in
Fig. 2. The specimen was sandwiched by porous Al2O3-
plates with platinum mesh for current correction. Platinum
lead wires, which were welded to platinum mesh, were
connected to the sets of equipments (Electrochemical Inter-
face SI1287 – Impedance/Gain-Phase Analyzer SI1260,
Solartron Analytical or Potentiostat-Galvanostat 2000, Toho
Technical Research – FRA 5095, NF Corporation) for ac
impedance measurements. Since Al2O3-tube was connected
to inner quartz tube by springs, the cell was kept under
mechanical pressure to make sure the well-defined contact
of current correctors with the electrodes.

For (La,Sr)P5O14, oxygen partial pressure dependence of
the electrical conductivity was investigated in hydrogen
partial pressure range of 1.0×10−2−0.988 atm in the absence
and the existence of water vapor with 1.2×10−2 atm at 523–
673 K. In order to further investigate if the proton conducts
in ceramics, the isotope effect of hydrogen and deuteron on
the electrical conductivity was evaluated both in reducing
gases such as 1.0×10−2 atm hydrogen/deuteron–1.2×
10−2 atm water vapor/heavy water and in oxidizing gases

Fig. 1 Defect concentrations as
functions of (a) oxygen partial
pressure and (b) water vapor
pressure.

Fig. 2 A schematic illustration of an experimental setup for two-probe
ac conductivity measurements
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such as 1.0×10−2 atm oxygen–1.2×10−2 atm water vapor/
heavy water. For (Nd,Sr)3PO7, the measurement were con-
ducted at 873–1273 K in oxygen partial pressure range of
10−4–1 atm in the absence and in the existence of water
vapor with 1.9×10−2 atm.

3 Results and discussion

3.1 Specimens

Typical XRD patterns of the powders of ultraphosphates,
La1-xSrxP5O14-δ (x00, 0.01, 0.03 and 0.05 in nominal), and
oxyphosphates, (Nd1-xSrx)3PO7-δ (x00 and 0.03), are shown
in Fig. 3. It was found from the figure that the powders
prepared in the present study are well assigned to be the
literature patterns of the lanthanum ultraphosphate [39] and
the oxyphosphates both with a monoclinic structure [41].
This suggests that the products used in this study consisted
of single phases. As results of SPS, the discs having the
relative density of above 94.0 %, 96.2 % and 84.0 % for (La,
Sr)P5O14-δ, (Nd0.97Sr0.03)3PO7-δ, and Nd3PO7, respectively,
were obtained.

3.2 Electrical conductivity of (La,Sr)P5O14

Figure 4 shows total conductivities in 1.0×10−2 atm hydro-
gen–1.2×10−2 atm water vapor at 673 K and 573 K as a

function of strontium content, x. It was found that doping of
Sr into La-site of the ultraphosphate enhanced the electrical
conductivity more than half order of magnitude. It can be
seen that the conductivity is independent of doping level, x,
up to 5 mol%. Amezawa and his co-workers evaluated the
electrical conductivity of LaPO4 doped with alkaline earth
metals. According to their report, when the nominal amount
of dopant exceeds the solubility limit, the total conductivity
saturates [21]. Thus, the saturation of the electrical conduc-
tivity with doping level, x, seen in Fig. 4, may be caused by
the low solubility of Sr into La-site of LaP5O14 such as at
most 1 mol% although no extra peak was observed in XRD
patterns as in Fig. 3. Thus, we will denote the doped lan-
thanum ultraphosphate composition as La1-xSrxP5O14-δ for
the following.

Figure 5 shows the electrical conductivity of La1-xSrxP5O14-δ

as a function of oxygen partial pressure at 573, 623 and 673K. It
was found that the electrical conductivity was independent of
oxygen partial pressure in the oxygen partial pressure and
temperature ranges investigated. This tendency is similar to the
other phosphate based protonic conductors such as
La0.99Sr0.01PO4-δ [17] and La0.97Sr0.03P3O9-δ [19]. Figure 6
compares the electrical conductivities of La1-xSrxP5O14-δ in
1.0×10−2 atm hydrogen–1.2×10−2 atm water vapor, unhumidi-
fied 1.0×10−2 atm oxygen and unhumidified 1.0×10−2 atm
hydrogen as a function of inverse temperature. Both oxygen
and hydrogen containing atmospheres, the electrical conductiv-
ity was found to be independent of water vapor pressure. This
independency of the electrical conductivity on water vapor
pressure is similar to La0.97Sr0.03P3O9-δ [19], while the electrical
conductivity of La0.99Sr0.01PO4-δ has a positive dependence of
water vapor pressure both in hydrogen and oxygen containing
environment [21].

In order to identify the predominant carrier in La1-
xSrxP5O14-δ, isotope effect of hydrogen and deuterium on the
electrical conductivity was investigated. Conductivities of
La0.99Sr0.01P5O14-δ in reducing and oxidizing atmospheres

Fig. 3 XRD patterns of the powders of La1-xSrxP5O14-δ (x00, 0.01,
0.03 and 0.05 in nominal) and (Nd1-xSrx)3PO7-δ (x00 and 0.03). The
patterns of LaP5O14 [39] and Nd3PO7 [41], appearing in the literature,
are also shown

Fig. 4 The electrical conductivity of La1-xSrxP5O14-δ as a function of
the strontium content, x, in 1.0×10−2 atm hydrogen–1.2×10−2 atm
water vapor at 573 K and 673 K
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are shown in Figs. 7 (a) and (b), respectively. As is seen in the
figures, the conductivities in heavy water containing atmo-
sphere decreased comparing with those in water containing
atmosphere both in hydrogen and oxygen. The ratios of total
conductivities, σH2O /σD2O , were found to be 1.16–1.24 and
1.14–1.22 in reducing and in oxidizing conditions, respective-
ly, as shown in Fig. 7 (c). Since the electrical conductivity is
independent of oxygen partial pressure in both hydrogen and
oxygen as discussed above paragraph, the difference of the
electrical conductivity, σH2Oand σD2O, is surely caused by the
isotopic effect of hydrogen and deuteron. The ratio of the
electrical conductivities, σH2O /σD2O , are within the range
expected in the case of the proton migration, explained as
classical theory [45]. This suggests that the major carrier in
(La,Sr)P5O14 is protons similar to the other phosphates
[11–24, 26]. Therefore, (La,Sr)P5O14 as well as (La,Sr)P3O9

can be utilized in unhumidified environment as purely proton
conducting electrolytes regardless of oxygen partial pressure.

Recent works by the first principles calculation on the
defect structures in (La,Sr)P3O9 suggested that the oxygen
deficit is formed by further condensation of (PO4)-tetrahedra
forming a (PO3)n chain, resulting in significant lattice dis-
tortions. The hydration enthalpy of (La,Sr)P3O9 is compar-
atively negatively larger than those of oxides, suggesting
that (La,Sr)P3O9 is likely to be hydrated even under low
water vapor pressure [46, 47]. As a result, protonic defects,
not oxygen deficits, compensates negatively charged
defects, i.e. dopants in host sites, Sr0La , contrary to rare-
earth ortho-phosphates at high temperatures [10, 13, 17]. In
(La,Sr)P5O14, the oxygen deficit is expected to be induced
by further condensation of phosphate groups as in (La,Sr)
P3O9. Independences of the proton conductivity on both
oxygen and water vapor pressures suggest that the proton
concentration in (La,Sr)P5O14 is fully saturated with

ambient water vapor due to negatively large hydration en-
thalpy as in (La,Sr)P3O9 [46, 47]. The mechanisms of the
oxygen deficit formation and the introduction of protonic
defects in condensed phosphates are different from those of
(La,Sr)PO4 as in Eqs. (1) and (2).

3.3 Electrical conductivity of (Nd,Sr)3PO7

Figure 8 shows the electrical conductivity of (Nd1-
xSrx)3PO7-δ (x00 and 0.03) as a function of inverse temper-
ature in unhumidified 1.0×10−2 atm O2 and 1.0×10−2 atm
O2–1.9×10

−2 atm H2O with open and closed symbols,
respectively. The conductivity regarding Nd0.99Sr0.01PO4-δ

in unhumidified 1.0×10−2 atm O2 and in 1.0×10−2 atm O2–
1.4×10−2 atm H2O, evaluated by Kitamura and his co-work-
ers [14], is shown in the figure. It was found that the
conductivity of (Nd0.97Sr0.03)3PO7-δ is larger than that of
Nd3PO7 by one – half order of magnitude over the temper-
ature range investigated. This suggests that doping of Sr into
Nd-site of Nd3PO7 enhanced the electrical conductivity. It
was also found that the electrical conductivity of
(Nd0.97Sr0.03)3PO7-δ considerably decreased by the introduc-
tion of water vapor. On the other hand, the electrical con-
ductivity of non-dope Nd3PO7 was independent of water
vapor pressure. This suggests that negative dependence of
the electrical conductivity on water vapor pressure is caused
by the doping of Sr into Nd-site. The difference of the
electrical conductivity between in 1.0×10−2 atm O2–1.9×
10−2 atm H2O and in unhumidified 1.0×10−2 atm O2 is
more visible as temperature decreased. The situation is the
different from Nd0.99Sr0.01PO4-δ, i.e. increase of the total

Fig. 5 The electrical conductivity of La1-xSrxP5O14-δ as a function of
oxygen partial pressure. The values of La0.99Sr0.01PO4-δ [17] and
La0.97Sr0.03P3O9-δ [19], appearing in the literatures, are also shown in
the figure

Fig. 6 The electrical conductivities of La1-xSrxP5O14-δ in 1.0×
10−2 atm hydrogen–1.2×10−2 atm water vapor, unhumidified 1.0×
10−2 atm oxygen and unhumidified 1.0×10−2 atm hydrogen as a
function of inverse temperature
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conductivity by increasing water vapor pressure [14], as
shown in the figure. This suggests that the electrical con-
duction property in oxyphosphate is essentially different
from the other phosphate-based protonic conductors.

Figure 9 shows the electrical conductivity of
(Nd0.97Sr0.03)3PO7-δ as a function of oxygen partial pressure
in unhumidified and humidified oxygen at 973–1273 K. The
electrical conductivity depended positively on oxygen par-
tial pressure. A slope of log σO2� vs. log pO2 was close to 1/4
over the temperature and oxygen partial pressure ranges
investigated. It was found that the electrical conductivity
decreased by the introduction of water vapor. The decrease
of the electrical conductivity was more remarkable as tem-
perature and/or oxygen partial pressure decreased.

According to Brouwer Diagram shown in Fig. 1, only the
electron hole can have a positive dependence on oxygen partial
pressure with a factor of 1/4 under the charge neutrality con-
ditions, Sr0Nd

� � ¼ 2 V ��O
� �

or Sr0Nd
� � ¼ OHð Þ�O

� �
. In the case of

the former condition, protons have positive dependence on

water vapor pressure with a factor of 1/2 and electron hole is
expected to be independent of water vapor pressure. This
means, water vapor pressure dependence of the electrical con-
ductivity cannot be explained under the condition, Sr0Nd

� � ¼ 2

V ��O
� �

, under the assumption that the mobility is independent of
gas partial pressure. On the other hand, in the case of the latter
charge neutrality condition, both oxygen deficit and electron
hole have negative dependence on water vapor pressure by
factors of −1 and −1/2, respectively, which is in consistent with
the gas partial pressure dependences of the electrical conduc-
tivity as in Fig. 9. As in Fig. 9, the electrical conductivity
decreased by the introduction of water vapor, the partial pro-
tonic conductivity is expected to be smaller than other possible
carriers such as oxygen deficit and electron hole. Thus, the
following relation is expected to hold,

σ ¼ σ�O2�p�1H2O
þ σ�hp

1
4
O2
p
�1

2
H2O

ð12Þ
Figure 10 simulates the total conductivity, partial

conductivities of oxide ion and electron hole under the
assumption that σ�

O2�=σ�h in case-(1) >> σ�
O2�=σ�h in case-

(2) based on Eq. (12). When the contributions of oxide ion
and electron hole is comparable, the gradient of log σ – log

Fig. 7 Hydrogen and
deuterium isotope effect on the
total conductivities of La1-
xSrxP5O14-δ as functions of
inverse temperature in (a)
reducing and (b) oxidizing
atmospheres. (c) Ratio of
conductivities, σH2O/σD2O, in
both reducing and oxidizing
atmospheres

Fig. 8 The electrical conductivities of (Nd1-xSrx)3PO7-δ (x00 and
0.03) as a function of inverse temperature in oxygen containing atmos-
pheres. Solid and broken curves represent the electrical conductivities
of Nd0.99Sr0.01PO4-δ in 1.0×10−2 atm oxygen–1.4×10−2 atm water
vapor and in unhumidified 1.0×10−2 atm oxygen [14]

Fig. 9 The electrical conductivity of (Nd0.97Sr0.03)3PO7-δ as a function
of oxygen partial pressure
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pO2 relation will have 0–1/4 under constant partial pressure
of water vapor. The comparative region of the partial con-
ductivity contributions of oxide ion and electron hole is
expected to shift to lower oxygen partial pressure range
when higher pressure of water vapor is introduced in the
gas phase. As shown in Fig. 9, at a constant temperature
typically 973 and 1073 K, the gradient of log σ – log pO2

became close to 1/4 by introduction of water vapor, suggest-
ing that the major carrier changed from the mixture of oxide
ion and electron hole to electron hole. The gradient of log σ –
log pO2 became close to 1/4 both in humidified and unhumi-
dified gases as temperature decreased. Increase of the gradient
by decreasing the temperature may be due to the difference in
activation energy between oxide ion and electron hole. The
oxide ion have higher activation energy than that of electron
hole, the contribution of electron hole conductivity became
remarkable as temperature decreased, resulting in the increase
of the log σ – log pO2 slope toward 1/4.

Similar to the case of the other phosphate based protonic
conductors, the significant concentration of protonic defect
is induced in (Nd0.97Sr0.03)3PO7-δ. However, attributed to
the small proton mobility to the other carriers such as oxide
ion and electron hole, the contribution of proton conductivity
is negligible.

3.4 Comparison of conductivities among phosphates

Figure 11 compares the conductivities of the various phos-
phates such as (La,Sr)PO4 [13], (Nd,Sr)PO4 [14], (La,Sr)
P3O9 [19], (La,Sr)7P3O18 [16], polycrystalline (La,Sr)P5O14

and (Nd,Sr)3PO7 in humidified environments. The electrical
conductivity of a single crystal of (La,Sr)P5O14 [26] is also
provided in the figure.

In the case of the phosphates having protonic conductiv-
ity, the gradient of conductivity over the inverse temperature

becomes small as temperature increased. Thus, the activa-
tion energy of proton migration was evaluated by the elec-
trical conductivity in the lower temperature region. The
activation energy of protonic conduction in La1-xSrxP5O14-δ

was evaluated to be 76 kJ mol−1, which is comparable to the
other phosphate based protonic conductors. The phosphates
except for oxyphosphate had the activation energies of 77–
82 kJ mol−1, which is similar value of doped LaP3O9

(74 kJ mol−1 [23]) and doped ZrP2O7 (68–76 kJ mol−1

[24]) by Nalini et al., and single crystal of doped LaP5O14

(73–86 kJ mol−1 [26]). La1-xSrxP5O14-δ had comparative
protonic conductivity to the other phosphate based protonic
conductors as well as single crystal La0.95Sr0.05P5O14-δ [26].

However, the situation seems to be different for oxyphos-
phate, (Nd0.97Sr0.03)3PO7. As shown in Fig. 11, the oxyphos-
phate had apparent activation energy of 165 kJmol−1, which is
far larger than the above phosphate based protonic conductors.
This may be attributed to the difference in defect structures
and carriers in the oxyphosphate.

4 Conclusions

The electrical conductivities of La1-xSrxP5O14-δ (x is at most
0.01) and (Nd0.97Sr0.03)3PO7-δ were investigated in this
study. Protonic defects are induced in both ceramics in

Fig. 10 Simulated total conductivity, partial conductivities of oxide
ion and electron hole as a function of oxygen partial pressure for two-
cases based on Eq. (12). σ�

O2�=σ�Hþ in case-(1) >> σ�
O2�=σ�Hþ in case-(2)

was assumed to draw the figure

Fig. 11 Summary of the conductivities of the phosphates as a function
of inverse temperature. The conductivities of La1-xSrxP5O14-δ (in 1.0×
10−2 atm H2–1.2×10

−2 atm H2O) and (Nd0.97Sr0.03)3PO7-δ (in 1.0×
10−2 atm O2–1.4×10

−2 atm H2O) were revealed in this study. The
electrical conductivities of La0.99Sr0.01PO4-δ (in 1.0×10−2 atm H2–
1.4×10−2 atm H2O) [7], La0.99Sr0.01P3O9-δ and La0.97Sr0.03P3O9-δ

(both in 3.0×10−2 atm H2–1.4×10
−2 atm H2O) [18], single crystal of

La0.95Sr0.05P5O14-δ [26], La6.99Sr0.01P3O18-δ (in 1.0×10−2 atm O2–
1.4×10−2 atm H2O) [13] and Nd0.99Sr0.01PO4-δ (in 1.0×10−2 atm O2–
1.4×10−2 atm H2O) [10] were also shown in the figure
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humidified environment. La1-xSrxP5O14-δ had considerable
protonic conductivity such as 4.7×10−5–2.2×10−3 S cm−1 in
the temperature range of 523–673 K. The activation energy
was evaluated to be 76 kJ mol−1. Independencies of the
protonic conductivity on both partial pressures of water
vapor and oxygen suggest that the ceramics is utilized as
purely proton conducting electrolytes even in unhumidified
environment. The protonic conductivity and the activation
energies are similar to the other phosphate-based protonic
conductors. For the phosphates having condensed phos-
phate ions such as (La,Sr)P3O9 and (La,Sr)P5O14, protonic
defects compensates the negative defects, Sr0La. Thus, (La,Sr)
P3O9 and (La,Sr)P5O14 are expected to be used as electro-
l y t e s even in unhumid i f i ed env i ronmen t . Fo r
(Nd0.97Sr0.03)3PO7-δ, attributed to small contribution of pro-
tonic conductivity, the major carrier was identified to be a
mixture of oxide ion and electron hole in unhumidified
environment in the temperature range of 973–1273 K and
humidified gas at temperatures above 1173 K. It turns to be
only electron hole at temperatures below 1073 K in humid-
ified oxygen. The origin of the trend is needed to be further
investigated in the future work.
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