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ABSTRACT

Measurements of the thermoelectric power were applied to investigate the electrical conductivity in 5 mol % Sr-sub-
stituted LaPO4 as a function of temperature (600 to 900°C), water vapor partial pressure (0.2 to 6 kPa), and oxygen par-
tial pressure (4 to 100 kPa). Expressions of the thermoelectric power for materials conducting protons, oxide ions, and
electronic defects were derived, based on a thermodynamic treatment of entropy production by heat and charge transfer.
The experimental data for 5 mol % Sr-substituted LaPO4 were interpreted in terms of protonic conduction, and some
additional conduction, possibly by electron holes. In air, the proton transport number is unity at 600°C when PH1O> 1 kPa,
and at 700°C when PH,o> 3 kPa. In wet atmospheres, the transported entropy of protons in this material was found to be
nearly constant, 112 2 J moY1 K' at 600 to 800°C in wet atmospheres.

I

Introduction
Significant proton conduction has been found in many

solids containing structural hydrogen (protons), such as
acid salts and hydroxides, but also in several classes of
materials inherently without protons, such as oxides, sul-
fates, and phosphates (see, for instance, a recent review by
Kreuer1). Materials of the latter group, in which protons
dissolve as defects in the presence of hydrogen-containing
gases, become proton conductors mainly at high tempera-
tures. Such high-temperature proton conductors (HTPC5)
are candidate materials for the electrolyte in high-temper-
ature fuel cells, hydrogen and water vapor sensors, and
electrochemical hydrogen separation systems.2 However,
HTPCs tend to exhibit mixed conduction due to conductiv-
ity contributions arising from native charge carriers, typi-
cally oxide ions and electrons or electron holes (see, for
instance, Ref. 3). The relative contribution of the different
charge-carrier species to the total conductivity may vary
considerably with temperature, hydrogen partial pressure,
Pc2 (or water vapor partial pressure, pc2o), and oxygen par-
tial pressure, Po1• From a fundamental point of view it is of
interest to characterize the conduction properties of
HTPCs under various conditions, and from an applied
point of view one needs to determine the conditions for
pure protonic conduction.

* Electrochemical Society Active Member.

Different experimental techniques can be employed to
reveal the conduction mechanisms in HTPCs. Conductivity
measurements vs. Pa2 (or Pa2o) and p0, may give fundamen-
tal information on the defect structure, charge-carrier
types, and conduction mechanisms. HID isotope effects in
the conductivity are particularly suitable for qualitative
identification of protonic conduction.4 Electromotive force
(EMF) measurements on concentration cells35 and faradaic
transport experiments67 can be used to determine protonic
and other transport numbers. Measurements of thermo-
electric power have also been employed in studies of mixed
protonic, oxide ion, and electronic conduction in oxides,89
although the thermoelectric power of these materials has
not been quantitatively interpreted yet.

LaPO4 in which La is partially substituted with a diva-
lent metal (acceptor) has been suggested as an interesting
system for dissolution and transport of defect protons,
thus as a candidate for a HTPC. Based on this, the total ac
conductivity of LaPO4 substituted with 5 mol % Ca or Sr
has been investigated under oxidizing conditions as a
function of temperature and water vapor partial pressure
in a preceding study.1° The conductivity was concluded to
be protonic at low temperatures and high water-vapor
partial pressures, supported by the presence of a HID iso-
tope effect in this region. At higher temperatures and/or
drier conditions, a native conduction became predomi-
nant. In wet atmospheres the protonic conductivity was
predominant below 800°C. The protonic conductivity in-
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creased with water vapor partial pressure and was higher
in the Sr-substituted than in the Ca-substituted sample.

Although it was assumed as a working hypothesis that
the protons' charge compensated the acceptor dopants,
there were details in the conductivity behavior that did
not conform with this model; the proton conductivity did
not reach a plateau as a function of water vapor partial
pressure, and the native (nonprotonic) conductivity contri-
butions did not appear to vary with water vapor partial
pressure. In this respect, the present phosphate behaved
differently from oxides.

In the present study, a bar-shaped sample of 5 mol % Sr-
substituted LaP04 fabricated in parallel with the one pre-
viously used in conductivity measurements'3 was used for
studies of the thermoelectric power of this presumably
mixed, partially protonic conductor. Theoretical expres-
sions of the thermoelectric power for a conductor having
conduction by protons oxide ions, and electronic defects
were derived by using the theory of irreversible thermody-
namics by Førland et al" The aim was to test the applica-
tion of derived theoretical expressions for thermoelectric
power to a mixed protonic conductor and to utilize the
method for further characterization of this and other
materials' electrical properties and defect structure.

Theory
Thermoelectric power.—As a general case, the thermo-

electric power of cell A is discussed

(T,)Pt I H2O(p,0), OAPo,) I Mixed conductor

I H2O(p,>0), Q(P02) I Pt(T,) [A]

A homogenous gas mixture of oxygen, inert gas, and water
vapor (with partial pressures p, and is kept in the
cell A, while the two electrodes are at different tempera-
tures T1 and T2. In the following we derive the theoretical
expressions for thermoelectric power using the theory of
irreversible thermodynamics by Forland et al." In this
derivation, only operationally defined variables are used,
and single-ion chemical or electrochemical potentials,
which are not operationally defined> are avoided. We first
consider the thermoelectric power when the electrolyte
conducts one type of charge carrier only. We choose to do
this in the three cases of conduction by protons, by oxide
ions, and by electronic defects. Thereafter, we address
cases of mixed conduction.

Pure protonic conductor—When the electrolyte con-
ducts only protons and the electrodes are reversible to pro-
tons, no chemical potential gradienl of neutral compo-
nents arises in the system. In such a system, the dissipation
function of the system, TS, is's

T® = —J0V in T — jV4'

The fluxes are the measurable heat flux> l4 and the elec-
tric current density, j The forces are —V in T and the elec-
tric potential gradient> —V4x The flux equations of heat
and charge are then accordingly

Jq = —L,,V in T —

j = —L,V ln T — L3S4' [3]

where L,,>s are phenornenological coefficients. When no net
current is drawn U = 0), the following expression for the
cell EMF can be obtained using Eq. 2 and 3 together with
the Onsager reciprocal relation, L>, =

= _[.2L1 V in T = [4]
13 1 T0

The Peitier heat effect, [J3/j)AT = 0, is obtained from the
reversible heat balance at one electrode.'1'13 The reversible
heat changes are given by entropy changes and the trans-
ported entropies. When the electrolyte is a pure protonic
conductor, the half-cell reactions are

1H2O(2) = H(T,) + °2(i) + &(1)

H(T2) + e7t) =
H2O(7)

Thus the reversible heat changes are

(J0 —TS —1s s
3T-l

—
4 Oz IC

—

where and S0, are the partial molar entropies of water
vapor and oxygen gases> and S+ and s, are the trans-
ported entropies of protons in the electrolyte and that of
electrons in the electrode, Equations 4 and 5 give the ex-
pression for the cell EMF

=
(sH>Q

—

S0.
— S —

s,VT [6]

If we assume constant heat capacity for gases, c3, over the
considered temperature range, the temperature depen-
dence of the partial molar entropies of water vapor and
oxygen are

S,0(T) = S0(2) — F ln + cPHQ in 1 [7]
PH,o 1

S01(T) = Sg>(7)
— F in - + cr0, In .r

Pc,.

For the transported entropies we have

S(T) = 5*(7) + r, in 1

where is the Thomson coefficient. By introducing Eq. 7-9
into Eq. 6 and integrating from T1 to T3, we obtain the prac-
tical expression of the thermoelectric power

1-- 1(A2 =1S1s1 (T)
[.AT ,, FLAT),0 F 2 >0- ln - 1S(1) in .- - s.[T,) -

s1(2)}P>o P0.

—

c3>,
— — rp,9(i

— in [10]

In the limit of small temperature differences we have
hm (T.>/AT In T9/T,) = 1, and then we obtain
r—o -

(dE . (E 111 R PH,C= hmi—i =——SHo(Tl)
[1] 1 dT)1 3r-.OIAT),_0 F 12 > 2 p,,c,

- + in - S(T,) - [11]

Pure oxide ion conductor—When the electrolyte is a pure
[2] oxide ion conductor, the half-cell reactions are

= O,() +

10(T) + e(T>) =

The thermoelectric power can be obtained in a similar way
as for a pure protonic conductor

= 1s,çT,) + in + -S'1(T,) —
s;3(T1)}

[12]

Pure electronic conductor.—In a cell with a pure electron
or electron hole conductor> no electrochemicai reactions

[5]
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take place with the gases. The thermoelectric power is
then expressed only by transported entropy terms: for a
pure electron conductor

= — s;(T1)}ldT)T Ft

= 1—S(T1) — S(7)}dT)T FL
Mixed con ductor.—For a conductor having conduction by
protons, oxide ions, and electronic defects, the assumption
of no net current still applies, and thus Eq. 4 is still valid,
if the electrodes are reversible and there is no condensa-
tion or dilution of protons, oxide ions, and electronic
defects in the electrolyte. The Peltier heat effect then can
be expressed( =—Tl_ELS —S —t St +t St.H,O 402 H}{4 02oT=I

— thSh + tS: — s;tJ [15]

where t1 is the transport number of charge carrier species
i. In a similar way as for the derivation of Eq. 11, the
expression of the thermoelectric power for a conductor
having conduction by protons, oxide ions, and electronic
defects can be derived as follows, when the temperature
difference between electrodes is small
7 ' It tR t +t
F—I =±4_11L50 0251çf).ldT)T FL2 H,0 1 2 PL,o

ft 1

R(t +t+ H o; in4- - t 2S 2(T1) + t2S ('1) — thSh(Tl)4 p02

+ tS) -
S1(T)}

[16]

Considering that tH+ + t02 + th + = 1, Eq. 16 can be
rewritten as follows

(4 =_ULJI5° (fl_ln.!b2_iSI(T)dT)T F [2 H20 1 2 p0 4 02 1

+ ln2 — S+(T1) —

S;tcri)}
+

{_SgJ771)

+ ln + Sj) - SI()1 + {-s:() -
4 p0 j F

+ Pt-{S:çi) — S;(1)} [17]

In the right side of Eq. 17, the terms in the four sets of
braces are identical with the thermoelectric power for a
pure conductor by protons, by oxide ions, by electron
holes, and by electrons in order. It is thus found that the
thermoelectric power for a mixed conductor can be writ-
ten as a sum of the thermoelectric power of each charge
carrier weighted with their respective transport number.
This corresponds to the so-called Chambers' relation
found for mixed electron and electron hole conductors.12
One should note here that the transport numbers in Eq. 17
are functions of Po2 and PH2O as well as temperature,
although it is common to assume constant, average trans-
port numbers over the small temperature difference used
in thermoelectric measurements.

Defect structures in Sr-substituted LaPO4.—The stron-
tium ions are assumed to dissolve substitutionally for lan-
thanum ions in LaPO4, forming acceptor defects which in
KrOger-Vink notation are termed Sr.'° The effective neg-

ative charge of the acceptor substituents is compensated by
effectively positive defects. In oxides these would comprise
oxygen vacancies, electron holes, and protons (hydroxide
ions). If Sr2 can be incorporated, while the orthophosphate
lattice grows and remains fully occupied, these compensat-
ing point defects may also be expected in phosphates. In
phosphates we may have to consider oxygen deficiency in
terms of defects of di-(pyro-) or poly (meta-)phosphate
groups in the orthophosphate lattice. As in many oxides,
electron holes may be regarded as 0 ions. Protons may be
regarded as part of hydroxide ions, OW, or biphosphate
ions, HPO, but in the following we refer to them as inter-
stitial protons, denoted as H;. For further simplification we
use oxygen vacancies as a symbol of some kind of oxygen
deficit (true vacancy, diphosphate, metaphosphate), i.e.,
some positive native point defects. We disregard native
cation defects as well as defect electrons.

If the substitution of Sr2 for La3 is done by reacting the
substituent La and Sr orthophosphates, there will be a
permanent PO deficit such that the main positive com-
pensating defects are phosphate vacancies. These cannot
be annihilated through interaction with the atmosphere,
but they can possibly be filled with 02_ and/or OW ions in
various configuration.

If we express the defects in the phosphate in terms of
simplified species like oxygen vacancies, interstitial pro-
tons and electron holes, these defects are in equilibrium
according to the following defect equilibria

!01(g) + 2-vg # IQ + h [lj

K1 = [h][v]pJ [18]

'H20(g) + h # + O2(g) [II]

1(2 = [H;][h.F1ptpt [19]

where Kroger-Vink notation is used and K's are the equi-
librium constants, assuming ideal conditions (low defect
concentrations and partial pressures). If we assume that
electronic defects are present in minor concentrations and
disregard the possibility of phosphate group vacancies, the
electroneutrality condition can be approximated by

2[Vfl + [Hfl = [SrL] [20]

which then resembles the situation found in many accep-
tor-doped oxides. The concentration of each defect can be
obtained from Eq. 18 to 20 with knowledge of the doping
level and the values of the equilibrium constants. When
native positive point defects are dominant, the concentra-
tions of majority and minority defects can be expressed as
Eq. 21 to 23

[vs] = 2_ [SrL2] [21]

[H;] =
K2[J.h1d)(pHO)h/2 [22]

[h] =
Kl1I[Lb21J(pO)h/4 [23]

When protons are dominant defects, the concentrations of
defects can be described as follows

[H] = [SrL] [24]

[vJ =
[9tUJ(PH.or1 [25]

[h•] =
[K1[5rL21 )PHIOY1/2(PO)h14

[26]

Water vapor and oxygen partial pressure dependencies
of the thermoelectric power.—Kjelstrup Ratkje and Tomii'3

and for a pure electron-hole conductor

[13]

[14]
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found that the transported entropy of oxide ions in yttria
stabilized zirconia (YSZ) does not depend on charge-car-
rier concentration, while others'4 have found certain van-
ations. If we assume that the transported entropy of pro-
tons is independent of PH,o and Pa,, Eq. 11 predicts that a
pure proton conductor will have a thermoelectric power
with a slope of —R/2F when plotted vs. in PM20 under con-
stant Pa, and a slope of R/4F when plotted vs. Po, under
constant PH,o. Such distinctive pressure dependencies of
the thermoelectric power can be a guide to detect the con-
dition for pure protonic conduction. Similarly, Eq. 12 pre-
dicts that a pure oxide ion conductor will have a thermo-
electric power with a slope of R/4F when plotted vs. ln Pa,,
while it will have a thermoelectric power independent of
PH,o, if we assume that the transported entropy of oxide
ions is independent of PH,a and Po,

The thermoelectric power of mixed conductors depends
on the transport numbers, as shown in Eq. 17. When the
electrolyte conducts only protons and oxide ions, i.e.,
when the conduction by electronic defects is negligible,
the expression for thermoelectric power can be simplified
by introducing the relation tH* + t0, = 1

(dE 1 1 1 R Pa. 1 * *
= --1--4-$,(T,) + in —- - -S(T,) - S,(T,)

+
J{2Si,a(7)

— hi 1?2. — -.S,,(1)
—

S1.(1)}
[27]

PH,a

In such a conductor, the concentration of protons and oxy-
gen vacancies may be regarded as independent of Pa, as
shown in Eq. 21, 22, 24, and 25, i.e., the proton transport
number may be regarded as independent of Po, As a con-
sequence, the thermoelectric power for a mixed protonic
and oxide ion conductor is then proportional to ln Pa, with
a slope of R/4F under the assumptions made. For mixed
ionic electronic conductors, transport numbers depend on
both PH,o and Pa,, and complicate the PHZO and Pa, depen-
dencies of the thermoelectric power. According to these
considerations, thermoelectric power measurements vs.
Pa, can be used to evaluate the contribution of the con-
duction by electronic defects to the total conductivity in a
mixed conductor.

Experimental
The material examined in this work is 5 mol % Sr-sub-

stituted LaPO4. The material was prepared by coprecipita-
tion of La and Sr phosphates,'° and it is not known what
content of phosphate relative to the cations this leads to.
However, the atomic ratio in the sample after thermoelec-
tric power measurements was determined to be La:Sr:P =
0.965:0.036:1.000 by inductively coupled plasma spec-
trometry. That is, the sum of cation contents is approxi-
mately equal to P content in the material used. This may
suggest that phosphate vacancies are not present in con-
siderable amount in this material.

The thermoelectric power was determined from EMF
measurements of the following cell B at the investigated
temperatures

(T,)Pt I H,O(p,a), °2(Pa,) I Sr
— LaPO4 I H20(pH,o), O2(Pa,) I Pt(T2) [B]

The experimental apparatus is illustrated in Fig. 1. The
cell was shielded by using a grounded platinum foil to
avoid electric noise from the furnace. An extra heating
element was used to produce temperature differences over
the electrolyte. The temperatures were measured with two
Pt/PtlO%Rh thermocouples. The furnace and the inner
heating element were controlled individually. The temper-
ature of one electrode was kept constant (reference tem-
perature), while the temperature of the other electrode
was set at seven higher temperatures to obtain tempera-
ture differences in the range of OK < iT< +30 K. The ther-
moelectric power was calculated from the linear-regres-
sion slope of the EMF plotted vs. iT.

(AC

1w
Fig. 1. Schematic diagram of the cell used for thermoelectric

power measurements. (A) sample (5 mol % Sr-substituted LaPOJ,
(B) thermocouple (Pt/Ptl O%Rh), (C) porous platinum electrode, (D)
electrical lead (platinum wire), (E) alumina tubes for gas inlet and
outlet, (F) inner heating element, (G) furnace, (H) silica tube, and (fl
electrical shield.

Thepartial pressures, PH,a and Pa,, were the same at both
electrodes, maintained by flowing the gas mixture through
the cell. The Pa, was varied from 0.4 to 100 kPa by using
Ar-0, mixtures, air, and pure 02. The PH,a was varied from
0.2 to 6 kPa by bubbling the gas through saturated aque-
ous solutions of KBr, NaBr, MgC12, LiC1, or LiBr or pure
water at 25 to 35°C. The gas line to the cell was heated to
avoid water condensation. The values of PH,o and Pa, were
confirmed by humidity and YSZ oxygen sensors.

Results and Discussion
Thermoelectric power—Typical experimental observa-

tions for the EMF of cell B as a function of the temperature
difference are shown in Fig. 2. A linear relation between
the EMF and the temperature difference was observed with
a regression uncertainty of less than mV/K for all
measurements. The slope of the line corresponds to the
thermoelectric power of cell B under the given condition.
The points on the lines were obtained by first increasing
and next reducing the temperature of the right electrode of
cell B. The fact that slopes stayed constant demonstrates
the reversibility of the phenomenon (no diffusion or ther-
mal diffusion), and also no deterioration of the material.

Identification of charge-carrier species by thermoelec-
tric power measurements—The thermoelectric power of
cell B in wet air as a function of PH,O at 600 to 900°C are

(H)

5
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-15
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-5 0 5 10 15 20 25 30

Temperature difference / K

Fig. 2. The EMF of cell B as a function of temperature difference
in wet air at 600°C; p2 = 5.3 kPa; (•), increasing AT; (0),
decreasing AT: = 1.5 kPa; (•), increasing AT; (0), decreas-
ing AT.
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Fig. 3. Thermoelecfric power
of cell B as a function of water
vapor partial pressure in wet
air at (a) 600°C, (b) 700°C, (c)
800°C, and (d) 900°C The solid
lines show the theoretical slope
predicted by Eq. 11. The dashed
lines represent the thermoelec-
fric power computed by Eq. 28
and 31.

shown in Fig. 3a-d. A linear relation is observed for
I kPa <PHo < 6 kPa at 600°C and for 3 kPa <PHc 6 kPa
at 700CC. The slopes of the lines are in good agreement
with the theoretical slope —R/2F given by Eq. 11 for a pure
protonic conductor. It is thus concluded that the proton
transport number in the electrolyte in wet air is unity
above these water vapor partial pressures at 600 and
700°C. Deviations from the theoretical slope are observed
for PH2O c 1 kPa at 600°C and Pn5o < 3 kPa at 700°C, sug-
gesting that conduction by other charge-carrier species
becomes significant below these water vapor partial pres-
sures. At 800 and 900°C, the thermoelectric power does not
show the theoretical Pu2o dependence in the range of
investigated. The thermoelectric power decreases with
decreasing PHo, and this tendency becomes stronger at
900°C than at 800°C. This indicates that the material
exhibits mixed protonic conduction and that the conduc-
tion by other charge carriers than protons becomes more
significant as temperature increases.

The Po. dependence of the thermoelectric power for
Pu2o = 4.3 kPa at 600°C, PH2O 4.3 and 1.5 kPa at 700°C,
PH2O = 4.3 kPa at 800°C, and Pu2o = 0.26 kPa at 900°C are
shown in Fig. 4a to d. At PH2O 4.3 kPa and 600°C, and at
PH20 = 4.3 kPa and 700°C, the thermoelectric power varies
linearly with In 2 in the range of Po2 used. The slope of
the lines is R/4F, which is in agreement with the theoreti-
cal slope predicted by Eq. 11. These results support the
conclusion obtained from the p020 dependence of the ther-
moelectric power that the proton transport number in Sr-
substituted LaPO4 is unity above a PH2O of 1 kPa at 600°C
and above a p0,0 of 3 kPa at 700°C. At Po2o = 1.5 kPa and
700°C, and at p020 = 4.3 kPa and 800°C, when the theoret-
ical PHZO dependence was not observed in Fig. 3b and c, we
also see deviations from the theoretical Po2 dependence in
Fig. 4b and c. The theoretical relation (slope of R/4F) is
observed below a p, of approximately 10 kPa, while at
higher oxygen partial pressure the results deviate slightly
from the theoretical dependence. As mentioned in the the-

oretical section, such deviation from the theoretical Po,
dependence is expected only when the contribution of the
conduction by electronic defects to the total conductivity
becomes significant. The deviations from the theoretical
slopes become larger as Pu2o decreases in wet air, and as Po2
increases. These results indicate that a contribution by
electron hole conduction becomes more significant, as this
would increase the more PH2O decreases and Po2 increases
according to the defect model proposed. For =
0.26 kPa and 900°C, the theoretical p, dependence for a
pure protonic conductor is not observed at all in the Po2
range investigated and the thermoelectric power decreas-
es with increasing p02 (Fig. 4d).

The proton transport number in Sr-substituted LaPO4
can be estimated to be unity at 600°C, 0.96 at 700°C, 0.90 at
800°C, and 0.73 at 900°C for p0. = 21 kPa and PH2O = 2.5 kPa
from conductivity data by Norhy and Christiansen,'° where
the authors also suggested a contribution from electronic
hole conduction by comparing the conductivities under dif-
ferent Po2 conditions. The obtained information on partial
conductivities in Sr-substituted LaPO4 from this work
agrees well with the conclusions in Ref. 10.

Transported entropies.—The thermoelectric power as-
signed to protons at high PH2O, low Po2 and low temperature
can be introduced into Eq. 11. By eliminating the known
constants, the transported entropy of protons, S°, is
obtainedas 113 1JmoL1K' at600°C, 112 2Jmol2K1
at 700°C, and 112 2 J moY1 K1 at 800°C. It was thus found
that the transported entropy of protons in Sr-substituted
LaPO4 is nearly independent of temperature. The magnitude
of S°0, in this material is surprisingly large. It compares well
with thermodynamic entropies of large molecules. A similar
value, however, was obtained for a very different material, a
proton conducting ion exchange membrane.15

If we assume that the electrolyte conducts only protons
and electron holes, the thermoelectric power can be ex-
pressed as Eq. 28 by introducing t9 + = 1 into Eq. 17

.1 Electrochem. Soc., Vol. 145, No. 10, October 1998 The Electrochemical Society, Inc. 3317
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F j2 H2o(

+ in - S°j2) +
S(T3}

+X{s(T1) + s;,(1)} [281

As discussed in the previous section, the main charge car-
riers in 5 mol % Sr-substituted LaPO4 at low PH70, high Po2,
and high temperature are believed to be protons and elec-
tron holes. Assuming that 5 mol % Sr substituted LaPO4
conducts only protons and electron holes in mixed con-
duction conditions, the transported entropy of electron
holes can then be estimated from Eq. 28 and the thermo-
electric power data for mixed conduction conditions, if the
proton transport number and the transported entropy of
protons are known. When the transport number estimated
from conductivity measurements is employed, the trans-
ported entropy of electron holes is calculated to be ap-
proximately 90 J moF' K' at 700 and 800°C.

Howard and Lidiard,16 and later Ahlgren,8 have pro-
posed that the transported entropy of ions can be ex-
pressed as a sum of the partial molar entropy and the heat
of transport of ions

s*,=s [291
H H' T

The heat of transport is a term related to thermal diffu-
sion.1' The partial molar entropy of protons in the elec-
trolyte includes configurational and vibrational parts. The
configurational part is expressed by SH+(Oflj) = —F in cH4,
where cH is the site occupancy of protons in the elec-
trolyte. If we assume that the vibrational part is negligibly
small and cH is constant at moderate temperatures and
under wet conditions, a plot of S vs. lIT yields q as
well as cH+. Our experimental results give q+ = 7 kJ moY
and cH = 3 >< 10-6 in the temperature range of 600 to
800°C. In LaPO4, protons can have three almost equivalent

sites on each oxygen pointing toward nearest neighbors
within the PO octahedron Thus a sample with nominal-
ly 5 mol % of Sr will have a site occupancy of protons of
—0.004, if it has 5 mol % of protons. The value for cH.
estimated from the thermoelectric power is considerably
smaller and is only 1/1000 of this.

In order to interpret the transported entropy of elec-
tronic defects in a small polaron hopping conductor, the
equation proposed by Heikes has been frequently used17

I (1S=Rln ch)+ [301
Cli

where 3 is a factor due to spin and orbital degeneracy, ch is
the fraction of hopping sites occupied by charge carriers
that are free to take part in the conduction, and s is inter-
preted as the vibrational entropy associated with the ions
surrounding a polaron.'1 Normally, the term 3 is treated to
be unity, and the term s is assumed negligibly small.'6'2°
Then the value for c,, could be estimated from the trans-
ported entropy of holes, and is estimated to he 2 X 10 for
5 mol % Sr-substituted LaPO4 at 700 to 800°C.

The estimated values for c,, and q cannot be verified
experimentally. The cH+ can be found by using experimen-
tal methods, but is not as yet known. Further theoretical
as well as experimental investigations will be needed to
clarify the relationship between transported entropies and
defect structure.

PH2O and Po2 dependence of the thermoelectric power
under mixed conduction conditions—As a simple case of
mixed conductors, let us here consider the thermoelectric
power for an acceptor doped material which conducts only
protons and electron holes. From Eq. 22 and 23 or Eq. 24
and 26, the transport number of protons in such a conduc-
tor can be expressed as

=
1 4 A(p020) (p0, f14

[311
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where

A=11 --
K2) UH

In Eq. 32, u,+ and Uh are the mobilities for protons and elec-
tron holes. At a constant temperature, the equilibrium con-
stants and the mobilities, and thus the term A, can be
regarded to be constant. By combining Eq. 31 with Eq. 32,
the Pn2o and p0. dependencies of the thermoelectric power
can be computed, if the values for S+, S°, and A are known.

The dashed lines in Fig. 3b-d and 4b-d represent the
computed thermoelectric power at 700 to 900°C, when we
assume S = 112 J mol1 K1 and S = 90 J mol' K'. The
value of the term A at each temperature was estimated
from conductivity data.'° The transported entropies of
protons and electron holes may depend on their concen-
tration, and thus on PH20 and Po7, as expected from the the-
ories of the transported entropy proposed by Howard and
Lidiard for ionic conductors and by Heikes for electronic
conductors.'617 However; constant values for the trans-
ported entropies were assumed for the calculation, be-
cause the validity of these theories to this electrolyte sys-
tem has not yet been confirmed and because such PH2O and
P02 dependencies of the transported entropies anyhow give
only small dieferences in the calculated results in the nar-
row partial pressure ranges investigated. All computed
curves qualitatively reproduce the shape of the PH2O and
Po2 dependencies as well as the values of the thermoelec-
tric power. These results suggest that the conclusions re-
garding the charge-carrier species and the proposed defect
structure in Sr substituted LaPO4 are reasonable, and that
the thermoelectric power for Sr-substituted LaPO4 in
mixed conduction conditions can be qualitatively predict-
ed by using Eq. 28 and 31.

Conclusion
In the theoretical section of this work it was shown that

thermoelectric power of HTPCS exhibits distinctive PH2O
and Po2 dependencies according to the conduction condi-
tions. Based on this, thermoelectric power measurements
were applied to investigate conduction in 5 mol % Sr-sub-
stituted LaPO4. It was found that the proton transport num-
ber in 5 rnol % Sr-substituted LaPO4 can be regarded as
unity when Pu2o> 1 kPa at 600°C and PH,o> 3 kPa at 700°C
in wet air. This is in good agreement with earlier findings by
conductivity measurements; the material is a pure protonic
conductor in wet air at moderate temperatures. Deviations
in these dependencies at high temperature, high Po2, and
low PH2O indicate that some other defects, possibly electron

holes, become significant charge carriers as temperature in-
creases, Po, increases, and p1 decreases. At 600 to 800°C

1321 the transported entropy of protons was nearly independent
of temperature and was 112 J moY' K', and the transport-
ed entropy of electron holes was 90 J moY' K'.

Acknowledgments
The Research Council of Norway is acknowledged for the

financial support that made Amezawa's stay in Norway
possible. The authors thank Niels Christiansen, Haldor
Topse A/S, Denmark, for the supply of the Sr-substituted
LaPO4 samples.

Manuscript received March 10, 1998.

Kyoto University assisted in meeting the publication
costs of this article.

REFERENCES
1. K.-D. Kreuer, Chem. Mater., 8, 610 (1996).
2. H. Iwahara, Solid State lonics, 77, 289 (1995).
3. T. Norby, 0. Dyrlie, and P Kofstad, Solid State lonics,

53-56, 446 (1992).
4. A. S. Nowick and A. V. Vaysleyb, Solid State lonics, 97,

17 (1997).
5. D. P Sutija, T. Norby, and P Björnbom, Solid State Ion-

ics, 77, 167 (1995).
6. H. Iwahara, T. Yajima, T. Hibino, K. Ozaki, and H.

Suzuki, Solid State lonics, 61, 65 (1993).
7. H. Iwahara, T Yajima, and H. Uchida, Solid State Ion-

ics, 70/71, 264 (1994).
8. E. 0. Ahlgren, J. Phys. Chem. Solids, 58, 1475 (1997).
9. E. 0. Ahlgren, Solid State lonics, 97, 489 (1997).

10. T. Norby and N. Christiansen, Solid State Ionics, 77,
240 (1995).

11. K. S. Ferland, T. Forland, and S. Kjelstrup Ratkje, irre-
versible Thermodynamics; Theory and Applications,
2nd ed., Wiley, Chichester (1994).

12. R. G. Chambers, Proc. Phys. Soc., 65, 903 (1952).
13. S. Kjelstrup Ratkje and Y. Tomii, J. Electrochem. Soc.,

140, 59 (1993).
14. E. A. Ahlgren and F. W. Poulsen, Solid State lonics, 82,

193 (1995).
15. 5. K. Ratkje, M. Ottey, R. Halseid, and M. Strømgrd, J.

Membr. Sci., 107, 219 (1995).
16. R. E. Howard and A. B. Lidiard, Disc. Faraday Soc., 23,

113 (1957).
17. R. R. Heikes, in Thermoelectricity: Science and Engi-

neering, R. R. Heikes and R. W. TJre, Editors, Chap. 4,
Interscience Publishers, New York (1961).

18. H. L. Tuller and A. S. Nowick, J. Phys. Chem. Solids,
38, 859 (1977).

19. I. G. Austin and N. F. Mott, Mater. Adv. Phys., 18, 41
(1969).

20. J. B. Goodenough, Prog. Solid State Chem., 5, 145
(1971).


