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ABSTRACT

Acceptor-doped cerium pyrophosphates have shown significant proton conductivity of >10-2 S cm-1 in the range of 100 - 300oC

and are considered promising candidates for use as electrolytes in proton-conducting, ceramic electrolyte fuel cells (PCFCs). But,

cerium pyrophosphates themselves do not have structural protons, and protons incorporate into their material bulk only as impu-

rities on exposure to a hydrogen-containing atmosphere. However, proton incorporation and proton conduction in these materials

are expected to be affected by factors such as the nature (ionic size and charge) and concentration of the aliovalent dopant, pro-

cessing history (synthesis route and microstructure), and the presence of residual phosphorous phosphate (P
m
O

n
) phases. An exact

understanding of these aspects has not yet been achieved, leading to large differences in the magnitude of proton conductivity of

cerium pyrophosphates reported in various studies. Herein, we systematically address some of these aspects, and present an

overview of factors affecting proton conductivity inacceptor-doped CeP
2
O

7
.
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1. Introduction

roton-conducting polymer electrolyte membrane fuel
cells (PEMFCs), and solid oxide fuel cells (SOFCs), are

among the most extensively explored fuel-cell configura-
tions, but each has limitations for wide-spread commercial
application. For PEMFCs, the requirements for a precious-
metal catalyst, and for humidification of the electrolyte
membrane, have been important factors. It is the latter con-
dition; however, that restricts optimal operation to tempera-
tures near 100oC. PEMFCs also suffer from the problem of
CO poisoning of the Pt-anode catalyst.1-3) In the case of
SOFC electrolytes, there is a requirement for higher operat-
ing temperatures (≥ 600oC) to support fast ion transport
and electrode reactions, but these create operational com-
plexities, as well as material and economic constraints.4)

Therefore, in recent years, there is an increasing interest in
exploring the potential of new fuel-cell configurations based
on an hydrous ceramic electrolytes, which are capable of
operating without, or with minimum use of, precious metal
catalysts. Such cells have high thermal and mechanical sta-
bility, as well as high ionic conductivity in the temperature
range 100 - 500°C.5)

Because protonic conduction requires lower energy of acti-
vation, proton-conducting ceramic-electrolyte-based fuel cells

(PCFCs) have been considered promising candidates for the
development of fuel cells operating in the range of 100 -
500oC. However, currently not many proton-conducting
electrolytes with conductivity ≥ 10−3 S.cm−1 are available for
the range of 150 - 450oC.6,7) Therefore, it is necessary to look
for new electrolyte materials to be used in novel fuel-cell
systems which could operate in this temperature range. The
materials which have been the recent focus of research on
intermediate-temperature, proton-conducting fuel cells
include heteropolyacids, metal pyrophosphates, solid acids,
and acid-imbibed high-temperature polymers (e.g., polyben-
zimidazole).5) Oxyacids and their salts (e.g., CsHSO

4
, CsH

2-

PO
4
, Rb

3
H(SeO

4
)
2
) exhibit protonic conductivities of the

order of 10−3 - 10−2 S.cm−1 at moderate temperatures (120 -

300oC). However, most of these have a very narrow range of
high proton conductivity near their super-protonic transi-
tion temperature, are water soluble, and are unstable under
reducing conditions.8,9) Recently, a number of tetravalent
metal pyrophosphates (MP

2
O

7
, where M = Sn, Ge, Zr, Si,

Ce, or Ti) have shown acceptably high proton conductivity
(10−3-10−1 S.cm−1) in the range of 150 - 400oC.8,10-14) Further-
more, fuel cells with tetravalent metal pyrophosphate (TMP)
electrolytes have exhibited morestable performance at low
relative humidity and at high CO concentrations, compared
to PEMFCs;15) this makes TMP-based fuel cell systems sig-
nificantly simpler and more economic.

The idea of using TMP as the solid electrolyte in fuel cells
is a fairly recent one, and most of the work in this area is
still devoted to finding new compositions and fabricating
dense electrolyte materials.11,15-21) However, the conductivity

P



July 2014 Cerium Pyrophosphate-based Proton-conducting Ceramic Electrolytes for Low Temperature Fuel Cells 249

data reported by different researchers are dramatically dif-
ferent, as much as several orders of magnitude, with no
clear consensus about the mechanism by which protons are
incorporated and conducted. Hibino et al.14,15) suggested that
the mechanism of proton conduction in ‘acceptor doped’
pyrophosphates was related to oxygen defects and electron
holes in the lattice. However, this mechanism was not well-
supported by experimental results from other research.22-24)

Furthermore, there are some interesting reports involving
mixed and co-ionic conduction in TMPs.25) Also, the large
difference in conductivity of dry and wet atmospheres, and
the significance of excess amorphous P

m
O

n
 phases for high

conductivity, indicates that hydrolysis of the P = O bond
plays an important role in proton incorporation and ionic
conduction.26-30) Therefore, a better understanding of the
interactions between the pyrophosphate and P

m
O

n
 phases is

needed for optimal design of higher-conductivity materials.
We have been working on the cerium pyrophosphates, one
of many proton-conducting TMPs,26-30) and in this paper,
have addressed some of the aforesaid issues related to their
synthesis, microstructure and protonic conductivity.

2. Experimental Procedure

2.1. Materials

The following starting chemicals were used as received:
cerium oxide (Cerium(IV) oxide, REaction®, 99.9%, REO
Alfa Aesar); magnesium nitrate hexahydrate (99%, Sigma-
Aldrich); calcium nitrate tetrahydrate (≥ 99%, Sigma-
Aldrich); strontium nitrate (≥ 99%, Sigma-Aldrich); barium
nitrate (≥ 99%, Sigma-Aldrich); 10% Gd3+-doped cerium
oxide (GDC-F, Kceracell, BET = 10-15 m2/g, PSD (d50) =
0.3 - 0.6 mm); phosphoric acid (85%, DaeJung).

2.2. Synthesis of cerium pyrophosphates

M2+-doped CeP
2
O

7 
(M = Mg2+, Ca2+, or Sr2+) was synthe-

sized by digesting CeO
2
 powder and the appropriate dopant

precursor, with 85% H
3
PO

4
.26) The stoichiometric amounts

of CeO
2
 powder and appropriate dopant precursor were ball-

milled overnight using zirconia balls with isopropyl alcohol,
and then dried in a vacuum oven at ~ 80oC for 20 h. H

3
PO

4

was added in the (Ce + M)/P molar ratio of 1/2.3 in order to
compensate for the loss of phosphorous during synthesis.
The mixture was digested in a covered vessel at 110 - 120oC,
with stirring, until a dry yellow paste was formed. The
paste was collected and placed in a covered alumina crucible
for calcination at 300oC in air for 8 h. Gd3+-doped CeP

2
O

7

was synthesized by digesting GDC powder with 85% H
3
PO

4

via a slight modification of the single-step digestion proce-
dure.21) Briefly, the GDC powder and H

3
PO

4
 were mixed in

different P/(Ce + Gd) molar ratios (2.3 - 2.8) in a covered
alumina crucible at ~95oC for about 8 h, with constant stir-
ring using a magnetic stirrer, to get a highly viscous paste.
The temperature was then raised to ~ 150oC until a dry, yel-
low solid formed. This solid was ground with mortar and
pestle, and then placed in a covered alumina crucible for cal-

cination at 300oC in air for 8 h.
The calcined powders were ground with mortar and pes-

tle, sieved (38 mm mesh test sieve), and the powders so
obtained were used for further characterization. For pellet
preparation, the calcined powder was molded into disks
1.0 - 1.5 mm thick, with diameter 7 - 12 mm. The disks were
cold isostatically pressed at 250 MPa, and were then sin-
tered at different temperatures in covered alumina cruci-
bles, in air.

2.3. Physical characterization

The crystalline phases in the calcined powders and the
crushed, sintered disks were examined using an X-ray dif-
fractometer (XRD-7000, Shimadzu) equipped with a Cu-K

α

radiation source (1.5406 Å), operated at 40 kV (30 mA) at a
scan rate of 1 o/min between scanning angles (2θ) of 10 to
80o. The thermogravimetric analysis and differential ther-
mal analyses (TGA/DTA) were performed using a thermal
analysis instrument TG-50 (Shimadzu Co., Japan) in air
(flow rate 100 ml/min) with a 5 oC/min ramp. The micro-
structure of the fractured section of the sintered pellets was
analyzed using a field-emission, scanning electron micro-
scope (FE-SEM, S-4700, Hitachi).

2.4. Electrochemical characterization

The sintered disks were polished with sandpaper, painted
with colloidal gold (Pelco® colloidal gold paint) on both sides,
and oven-dried at 200oC for 2 h. A platinum mesh connected
to a platinum wire was separately placed in contact with
two sides of each painted pellet, and then pressed against
mica sheets to ensure proper electrical contact. The imped-
ance data were recorded in two-electrode configuration at
zero dc-bias over the frequency range of 1 - 107 Hz using a
frequency-response analyzer (S1260A, Solartron Analyti-
cal). The perturbation voltage was kept at 50 mV. The sam-
ple was placed in an alumina chamber and shielded by a
copper tube to minimize the induction effect from a heating
element, of which the temperature was controlled by a heat-
ing furnace and monitored by an inserted K-type thermo-
couple placed close to the sample. In humidified air, the
impedance measurements were performed in the range of
90 - 250oC by increasing the furnace temperature in steps of
20oC. In order to stabilize the system during changes in
temperature, the data were reported only 10 - 12 h after
temperature perturbations. The impedance measurements
in un-humidified air were performed in the range of 200 -
450oC, by increasing the furnace temperature in steps of
50oC. In order to stabilize the system during changes in
temperature, the data were reported only ~ 3 h after tem-
perature perturbations. However, at 400 and 450oC, data
were recorded within 30 min of temperature stabilization,
in order to minimize the thermal degradation of the sam-
ples. The flow of air in the chamber was maintained at 200
cc/min. During measurement when the air was humidified,
the chamber humidity was regulated by an upstream
humidifier, and the water-vapor pressure (pH

2
O) was var-
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ied from 0.06 to 0.16 atm by passing the air through a vessel
with water at different temperatures.

3. Results and Discussion

3.1. Ionic conductivity of undoped CeP
2
O

7

26)

We investigated the electrical behavior of undoped cerium
pyrophosphate under humidified and un-humidified air con-
ditions, and the results are shown in Fig. 1.26) The ionic con-
ductivity of CeP

2
O

7
 was very low (< 10−8 S.cm-1 at T ≤ 200oC)

when the air was un-humidified(Fig. 1(a)). It increased with
increasing temperature until reaching 400oC; then conduc-
tivity decreased with increasing temperature (for > 400oC)
due to the thermal decomposition of pyrophosphate phase
at the higher temperatures.31-33) On the other hand, the ionic
conductivity increased significantly under humid condi-
tions, and even at temperatures 90 - 220oC, it rangedfrom
10−6 to 10−4 S.cm−1.

The ionic conductivity displayed by the TMP was consid-
ered to be mainly protonic in nature;8) however, TMPs like
CeP

2
O

7
 do not contain structural protons. Thus, proton

incorporation into these materials is expected to occur in a
hydrogen or water-containing atmosphere by positively-

charged holes, or by oxygen vacancies, as described in Equa-
tion 1 or 2, respectively.

(1)

(2)

As evident from the comparison of conductivity data in
Fig. 1, the conductivity of CeP

2
O

7
 was very low (< 10−8 S.cm−1)

in dry air in the range 95 - 200oC. This suggests that the
concentration of holes in CeP

2
O

7
 appears to be very low, and

inadequate for proton/water uptake in significant amounts.
Also, if water uptake followed Eq. 1, the electron holes
would be consumed in the process. The mobility of protons
is much slower than for electron holes; there would be an
overall decrease in the conductivity on humidification.32)

However, we observed that there was an increase in conduc-
tivity on humidification and, therefore, water uptake
appears to follow Eq. 2, by which the decrease in the concen-
tration of oxygen vacancy was compensated by the incorpo-
ration of protons having higher mobility. The conductivity of
CeP

2
O

7
 was dependent on pH

2
O, as well as the extent of

humidification. If the only role of humidification were to
incorporate protons into the CeP

2
O

7
 matrix by utilizing oxy-

H2O g( ) 2h
• 2OO

 x
+ + 2OHo

• 1/2O2 g( )+→

H2O g( ) Vo
 •• 2Oo

 x
+ + 2OHo

•
→

Fig. 1. Variation of ionic conductivity of CeP
2
O

7
 pellets in (a) Un-humidified and (b) humidified air, and (c) SEM of CeP

2
O

7
 pel-

lets. CeP
2
O

7
 powders were prepared by the solid-state-reaction method with initial P/Ce molar ratio of 2.3, and pellets

were sintered at 400oC in air for 8 h.
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gen-ion vacancies, the number of protons incorporated into
the undoped CeP

2
O

7
 matrix would be very low because the

concentration of oxygen vacancies in undoped CeP
2
O

7
 would

bevery low. Therefore, in order to explain the high proton
conductivity of undoped CeP

2
O

7
, it was necessary to look for

other factors, such as the role of water species (H
2
O or H

3
O+)

adsorbed or present in the pores of the pellet, which could be
expected on the basis of the microstructure of the sintered
pellet (Fig. 1(c)), or from the hydrolysis of P = O bonds,
which will be discussed in later sections.

3.2. Ionic conductivity of Sr2+-doped CeP
2
O

7 
electro-

lyte: Effect of dopant concentration27)

The doping of an aliovalent cation (e.g., Sr2+) into CeP
2
O

7

leads to the formation of oxygen vacancies, as given by Eq.
3, which may give rise to the formation of electron-holes
under high pO

2
 conditions, as given by Eq. 4:

(3)
(4)

The concentration of the mobile charge carriers shown
above plays an important role in the ionic conduction of Ce

1-x

Sr
x
P

2
O

7
; although the contribution of holes becomes signifi-

cant only at higher temperatures.34) Fig. 2 shows variation
in the ionic conductivity of Ce

1-x
Sr

x
P

2
O

7
. In undoped CeP

2
O

7
,

the concentration of mobile charge carriers was very low,
and the result was much lower conductivity compared to
doped Ce

1-x
Sr

x
P

2
O

7
. Also in doped Ce

1-x
Sr

x
P

2
O

7
, the substitu-

tion of Ce4+ with lower valence Sr2+, increased the concentra-
tion of mobile charge carriers; therefore, the conductivity of
doped samples was much higher than that of undoped sam-
ples. However, the effect of doping-level on conductivity (s)
was not linear (Fig. 2(a)) and the conductivities first
increased, and then decreased, in the order: σ(CeP

2
O

7
) <

σ(Ce
0.95

Sr
0.05

P
2
O

7
) < σ(Ce

0.8
Sr

0.2
P

2
O

7
) < σ(Ce

0.9
Sr

0.1
P

2
O

7
). It is

clear that the highest conductivities were observed in
Ce

0.9
Sr

0.1
P

2
O

7
 and that this trend can be explained on the

basis of two factors: appearance of impure phases of CeO
2
 and

other phosphates, and the effective concentration of charge-
carriers in the material. Initially, the ionic conductivity
increased with increase in the dopant concentration, which
can be attributed to the increase in effective concentration of
oxygen vacancies and/or holes. However, with increasing dop-
ant concentration, the influence of Coulombic attraction
between  and  may lead to defect association result-
ing in the formation of point-defect pairs  and,
therefore, decreasing the effective concentration of oxygen

SrO   
CeO

2

   SrCe
″

Oo
×

Vo
 ••

+ +

1/2O2 Vo
 ••

Oo
×
+2h

•
→+

SrCe
″

Vo
 ••

SrCe
″

Vo
 ••

[ ]
×

Fig. 2. (a) Variation of ionic conductivity of Ce
1-x

Sr
x
P

2
O

7
 with temperature in dry air, (b) Variation of ionic conductivity of

Ce
0.95

Sr
0.05

P
2
O

7
 with time during humidification at 90oC in humid air (pH

2
O = 0.12 atm), (c) Variation of ionic conductiv-

ity with time during the change of temperature from 90 to 110oC in pH
2
O = 0.12 atm, and (d) Variation of conductivity of

Ce
1-x

Sr
x
P

2
O

7
 vs. temperature at different pH

2
O in humid air.
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vacancies.25)

Considering the strong dependence of CeP
2
O

7 
conductivity

on humidification,27) and the conflicting trends of conductiv-
ity in doped-CeP

2
O

7
,32,35) the process of initial humidification

was monitored at fixed temperature and pH
2
O for a longer

duration, as shown in Fig. 2(b).27) It is evident from this fig-
ure that ionic conductivity increased rapidly with time after
initial humidification: its value reached ~ 10-5 S.cm-1(from
< 10−8 S.cm−1) within 5 h of humidification. Obviously, there
was ~ 4 orders of magnitude increase in conductivity within
24 h of humidification, and thereafter, it increased slowly
before reaching a stable value.

The variation of ionic conductivity of Ce
1-x

Sr
x
P

2
O

7
 with

temperature in humidified air, was studied by increasing
the temperature in ~ 20oC steps, and the results are given
in Fig. 2(c) for Ce

0.9
Sr

0
.
1
P

2
O

7
. As can be seen, with the onset

of the temperature increase, a rapid increase in conductiv-
ity, reaching the maximum, was observed. However, before
the temperature reached 110oC, the ionic conductivity
started decreasing, and even after the temperature stabi-
lized at ~ 110oC, the decrease in conductivity continued for
some time, followed by a slight increase. A similar trend in
the variation of ionic conductivity with time was observed
while raising the temperature from 110 to 130oC, and from
130 to 150oC. This behavior can be explained on the basis of
two temperature-dependent factors: ionic mobility and
availability of charge carriers. The humidification process
not only leads to the formation of protonic defects in Ce

1-x

Sr
x
P

2
O

7
, but also causes the incorporation of some water

species (H
2
O or H

3
O+) into the porous microstructure, as

shown in Fig. 3. These species can act as charge carriers
and/or provide additional hopping sites for proton conduc-
tion. The increase in temperature leads to increase in ionic
mobility of species involved in proton conduction, thus
resulting in an increase in conductivity. At the same time,
there will bea loss of water species with increasing tempera-
ture due to evaporation/desorption, especially at tempera-
tures > 100oC. Initially ionic mobility was the dominant
factor and the conductivity increased with increasing tem-
perature; however, once the loss of water species became
dominant, the conductivity started decreasing with tem-

perature. Also, as for the conductivity of various samples in
dry air, Ce

0.9
Sr

0.1
P

2
O

7 
showed maximum conductivity in

humid air (Fig. 2(d)).

3.3. Ionic conductivity of M2+-doped (M=Mg, Ca, Sr,

Ba) cerium pyrophosphates28)

The doping of aliovalent cations leads to the formation of
oxygen vacancies in TMPs, which in turn can act as proton-
incorporation sites in a hydrogen-containing atmosphere.
Clearly, the proton conductivity of TMPs would be expected
to be affected by the ionic charge and ionic size of the dopant
cation, which would influence TMP basicity and polarizabil-
ity, and thus in turn, affect the proton concentration and
migration. We monitored the dopant-dependence of ionic
conductivity of M2+-doped cerium pyrophosphates, and it
was observed that conductivity followed the order: Mg >
Ca > Sr > Ba, as shown in Fig. 4. In proton-conducting, per-
ovskite-type oxides the basicity and polarizability of A-site
cations has been reported to affect proton conductivity, and
the high polarizability of A-site cations helps absorb more
water species in the matrix of proton-conducting oxides on
humidification.36,37) On the other hand, in the case of phos-
phate-based proton conductors, the variation of proton con-
ductivity of Ca and Sr-doped YPO

4 
has been explained on

the basis of the ionic radius of the dopant cations, with the
trend of conductivity being Ca > Sr.38) Similarly, the dopant
solubility and dopant-defect interaction, are reported to
play an important role in the case of Ca, Sr and Ba-doped
LaP

3
O

9
, with the trend of conductivity being Ca < Ba < Sr.39)

Since the metal pyrophosphates can be considered more
related to the above-mentioned phosphate-based proton
conductors, rather than to the proton-conducting per-
ovskite-type oxides, the variation of their conductivity in
humid air, with respect to the nature of dopants, should be
explained in terms of dopant solubility and dopant–defect
interactions. However, from the large variation in conduc-
tivity of cerium pyrophosphates during humidification, it is
clear that the presence of water species is also an important
factor in determining the conductivity of such pyrophos-
phates. Therefore, the polarizability of the dopant cation
can also be considered a deciding factor in the proton con-

Fig. 3. SEM image of cross-section of (a) Ce
0.95

Sr
0.05

P
2
O

7
, (b) Ce

0.9
Sr

0.1
P

2
O

7
, and (c) Ce

0.8
Sr

0.2
P

2
O

7 
pellets sintered in air for 8 h at

450oC.
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ductivity of Ce
0.9

M
0.1

P
2
O

7
. However, from the large variation

of conductivity during the humidification process, it is clear
that adsorbed water species play an important role in con-
ductivity. Therefore, the role of these species in deciding the
conductivity trend reported above cannot be ignored. For
Ce

0.9
M

0.1
P

2
O

7
, the ionic radius and polarizability of the dop-

ant cations follows the order: Mg < Ca < Sr < Ba; therefore,
the affinity of the pyrophosphate matrix for water species
follow the same order. Water species present in the matrix
are expected to be localized primarily at the grain boundar-
ies, or within the inter-granular space. However, from the
variation of ionic conductivity of Ce

0.9
M

0.1
P

2
O

7
 in un-humidi-

fied air, (Fig. 4(a)), it appears that the solubility of dopants
decreases with increase in their ionic radii, and that the
excess (undoped) dopant is forced to aggregate in an amor-
phous phase at the grain boundaries. This renders less
space for water species to be incorporated into the matrix
during humidification, and minimizes the effect of
increased polarizability of the dopant cation. Therefore, as
for un-humidified air, the dopant solubility and P

2
O

7

4−

sub-lattice distortions, remain suspects as the determin-
ing factor for variation of conductivity with different dop-
ants, in humid air.

3.4. Effect of sintering temperature on ionic conduc-

tivity28)

Cerium pyrophosphates are known to be thermally unsta-
ble at temperatures above 400oC, at which they slowly
decompose to CeO

2
, P

2
O

5
 and a number of other secondary

phosphates, such as cerium metaphosphate (Ce
3
P

3
O

9
),

cerium orthophosphate (CePO
4
) and cerium polyphosphates

(Ce
3
(PO

4
)
3
) as shown in TGA/DTA and XRD data in Fig. 5.31-33)

Therefore, the presence of cerium pyrophosphate presents
constraints on getting a dense electrolyte by means of sin-
tering at higher temperatures. However, most of the second-
ary-phosphate phases formed due to thermal decomposition
of cerium pyrophosphate, are also known to be proton con-
ductors.8,31,40,41) Therefore, the formation of CeO

2
 is expected

to be the only negative factor affecting the protonic conduc-
tivity of the Ce

0.9
M

0.1
P

2
O

7
 composite obtained after sintering

Fig. 5. (a) TGA/DTA of CeP
2
O

7
 and (b) XRD pattern of powders of Ce

0.9
Mg

0.1
P

2
O

7
 crushed pellets sintered in air at 450, 650, and

750oC.

Fig. 4. Temperature dependence of electrical conductivity of 450oC-sintered Ce
0.9

M
0.1

P
2
O

7
 samples in (a) Un-humidified

and (b) Humidified air, at pH
2
O = 0.12 atm.
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at higher temperature, though there may be different
extents of protonic conductivity of the pyrophosphate phase
and of the other secondary phosphate phases. However, the
preparation of dense electrolytes is the essential require-
ment for application of TMPs as electrolytes, and it is nor-
mally achieved by sintering at higher temperatures. From
the SEM images of Ce

0.9
Mg

0.1
P

2
O

7
 sintered at different tem-

peratures in Fig. 6, it is clear that the density of
Ce

0.9
Mg

0.1
P

2
O

7
 sintered samples increases with increasing

sintering temperature. Therefore, it would be interesting to
see how the compositional changes during sintering at
higher temperatures, affect the electrical conductivity of
doped CeP

2
O

7
 in dry and humid air. For this purpose, we

sintered Ce
0.9

Mg
0.1

P
2
O

7
 at different temperatures and mea-

sured its conductivity in dry and humid atmospheres.
Figure 7 shows the variation in conductivity of 450, 650,

and 750oC-sintered Ce
0.9

Mg
0.1

P
2
O

7
 samples vs. temperature

in humid air (pH
2
O = 0.12 atm). As can be seen, the conduc-

tivity decreased with increase in sintering temperature. At
the lower end of the temperaturesmeasured, the conductiv-
ity of Ce

0.9
Mg

0.1
P

2
O

7
 samples sintered at 650 and 750oC was

significantly lower than that of the 450oC-sintered sample.
The reason for the decrease in conductivity of high tempera-

ture-sintered samples could be due to a reduction in the
amount of pyrophosphate phase after sintering at the
higher temperatures. Apart from that, because of the higher
density of Ce

0.9
Mg

0.1
P

2
O

7
 samples sintered at 650 and 750oC,

the amount of water species incorporated into inter-granu-
lar space, or into grain-boundary regions, was less than that
in the 450oC-sintered sample. Therefore, due to the reduced
contribution of incorporated water species, the conductivity
of Ce

0.9
Mg

0.1
P

2
O

7
 samples sintered at 650 and 750oC was sig-

nificantly lower than that of the 450oC-sintered sample. At
the same time, this also makes the increase in ionic mobil-
ity, dominant over the loss of water species, in deciding the
variation trend of conductivity vs. temperature. As a result,
Ce

0.9
Mg

0.1
P

2
O

7
 samples sintered at 650 and 750oC show

maximum conductivity of 3.9 × 10−5 and 1.9 × 10−3 S.cm−1,
respectively, at 150oC, unlike the sample sintered at 450oC,
where the maximum conductivity of 6.9 × 10−3 S.cm−1 was
observed at 90oC.

It is interesting to point out that at 90oC, the conductivity
of the 450oC-sintered sample was more than 2 orders-of-
magnitude higher than that of the 750oC-sintered sample,
but within the range of 130 - 190oC, this difference became
very narrow. This could be attributed to low porosity of the
750oC-sintered sample. Sintering at higher temperatures
minimized the presence of the pores in the sample, thereby
rendering less space for the water species that might con-
tribute to conductivity in the lower temperature range.
Obviously, the conductivity of samples sintered at higher
temperature is mainly due to the contribution from their
material bulk, rather than to the contribution from exter-
nally-incorporated water species.

3.5. Effect of excess phosphate phase on conductivity30)

There has been a general tendency to use additional phos-
phorous precursor (i.e., in excess of what is stoichiometri-
cally required for MP

2
O

7
) for the synthesis of TMPs, in order

to compensate for the loss of phosphorous during synthe-
sis.8,26,35) Most often, a fraction of the excess phosphorous
precursor is left in amorphous phosphate phases (P

m
O

n
) in

the as-synthesized powders, and which have been proved to
be crucial for enhancing the proton conductivity of TMP-
based electrolytes. Furthermore, in most cases, the excess

Fig. 6. SEM images of fractured section of Ce
0.9

Mg
0.1

P
2
O

7
 pellets sintered in air at (a) 450oC, (b) 650oC, and (c) 750oC.

Fig. 7. Temperature dependence of electrical conductivity, in
humidified air (pH

2
O=0.12 atm), of Ce

0.9
Mg

0.1
P

2
O

7

samples sintered in air at 450, 650, and 750oC.
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phosphate is randomly distributed and in the form of addi-
tional phases;42,43) therefore, it has been difficult to clearly
assess the role of the amorphous (P

m
O

n
) phase in proton

incorporation and conduction. To shed light on this, we syn-
thesized Gd3+-doped cerium pyrophosphate-phosphate com-
posites (CGP) with core-shell structure, to study the role of
excess phosphate phases (P

m
O

n
) on the physical and electri-

cal behavior of pyrophosphate-based electrolytes.30) It was
observed that the excess phosphate led to the formation of a
core-shell structure, which consisted of a core of crystalline
pyrophosphate, and a shell of amorphous P

m
O

n
 phase.

The measurement of ionic conductivity of these CGPs
showed that in un-humidified air, the conductivity of the
CGP samples increased with increasing initial P/(Ce+Gd)
molar ratio (Fig. 8(a)). The only difference in these CGPs
was the amount of amorphous-phosphate phase, which
because of its highly hygroscopic nature, led to additional
proton incorporation by the hydrolysis of the P = O bond

during material processing, as supported by the increase in
absorbance at ~ 3500 cm−1 in the Fourier transform infra-
red (FTIR) spectra (Fig. 8(b)).

The variation of ionic conductivity of various CGP sam-
ples vs. temperature, in the range 90 - 230oC, in humidified
air (pH

2
O = 0.12 atm), is shown in Fig. 9. The ionic conduc-

tivity shown by all CGP samples in the range of 150 - 230oC
was >10-3 S.cm-1 and the trend in variation of ionic conduc-
tivity with temperature can be place in two groups. The first
group (CGP-2.3 and CGP-2.5) showed maximum ionic con-
ductivity of 9.49 × 10−3 and 1.21 × 10−2 S.cm−1, respectively,
at 90oC and, in general, their conductivity decreased with
increasing temperature. The second group (CGP-2.6, CGP-
2.7 and CGP-2.8) showed maximum ionic conductivity (1.01,
1.76 and 1.97 × 10−2 S.cm−1, respectively) at 190oC, and their
conductivity increased with increasing temperature within
the range of 90 - 190oC, then decreased with increasing tem-
perature beyond 190oC.

3.6. Proton incorporation and ionic conduction

mechanism in cerium pyrophosphates30)

In metal pyrophosphates, oxygen vacancies created due to
aliovalent doping can be considered to be  (i.e.,
vacancies in the P

2
O

7
 group) and protons can incorporate

into the material bulk at these vacancies as indicated in Eq. 5.

(5)

Eq. 5 is controlled by the basicity of the aliovalent cation,
and therefore such proton incorporation can be considered a
result of basic dissolution of protons from the material bulk.
However, additional protonic species can be formed at P

2
O

7

sites in the material bulk, and at amorphous P
m
O

n
 in the

grain boundaries, as follows:

(6)

(7)

P2O6( )P
2
O
7

••

P2O6( )P
2
O
7

••
P2O6( )P

2
O
7

×
H2O g( ) 2 HP2O7( )P

2
O
7

•
→+ +

3 P2O6( )P
2
O
7

×
H2O g( ) 2 HP2O7( )P

2
O
7

• 2PO4( )P
2
O
7

//
+→+

3 PmOn( )P
m

O
n

×
H2O g( ) 2 HPmOn( )P

m
O
n

•
PmOn 1+( )P

m
O
n

//
+→+

Fig. 8. (a) Variation of ionic conductivity of CGP samples in un-humidified air and (b) FTIR spectra of CGP powders. The num-
bers in the names of the CGP samples indicate the P/(Ce+Gd) molar ratio.

Fig. 9. Variation of ionic conductivity of CGP samples in
humidified air (pH

2
O = 0.12 atm).
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The hydrogen pyrophosphate defects charge-compensate
the acceptor dopants or the oxygen interstitials are formed.
These can be denoted as phosphate ions at pyrophosphate
sites,  and could participate in formation of
protonic species as indicated in Eq. 6.22-24) The formation of
protonic species via the processes shown in Eq. 5 and 6, may
not be prevalent during material processing or during
measurement in dry air, because in the core-shell
composites of CGP, the pyrophosphate bulk is well protected
by an amorphous P

m
O

n
 layer. However, given the highly

hygroscopic nature of phosphates, the formation of protonic
species via the process in Eq. 7 cannot be ruled out during
material processing. Therefore, the increase in conductivity
of CGPs in dry air with increasing P/(Ce+Gd) molar ratio,
could be attributed to proton incorporation via the process
in Eq.7.

The protonic conduction in dense-metal pyrophosphates is
supposed to follow a hopping conduction mechanism, as
shown in Fig. 10(a).30) However, relatively less-dense sam-
ples, such as those used in the present study, have ample
space for water species (H

2
O or H

3
O+) which might act as

charge carriers, to be trapped in the pores at lower tempera-
tures. This gives rise to an additional proton-conduction
pathway by means of a Grotthuss mechanism by which pro-
tons migrate via a series of formations and breakings of
intermolecular hydrogen bonds between water molecules
and P

2
O

7
 groups in metal pyrophosphate or P

m
O

n
 groups in

the amorphous phase, or between adjacent water molecules

(Fig. 10(b) and (c)). However, in the presence of water a
vehicular-type proton migration mechanism is also possible
by which protons ride on the water molecules as H

3
O+.44)

It is worth mentioning that like many TMPs, cerium
pyrophosphates show strong decrease in ionic conductivity
in humidified air at temperatures of approximately 150 to
190oC.26-30,32,35) Sun et al.32) explained that this drop is due to
a defficiency of P

2
O

7
 ions in the bulk at higher tem-

peratures. However, measurement of ionic conductivity in
un-humidified air clearly shows that ionic conductivity
increases with increasing temperature beyond 200oC,
therefore a deficiency of P

2
O

7
 ions in the bulk cannot be the

reason for the observed decrease in ionic conductivity in
humid air. A more plausible explanation can be given on the
basis of gradual lattice expansion, and phase transition,
with increasing temperature in metal pyrophosphates.45,46)

This would be expected to have an effect on the material
capacity to retain water species, as well as on the ionic-
conduction mechanism in humid air.28) Also, the temperature
at which this conductivity maximum is observed varies
from 120 to 200oC in different studies.26-30,32,35,43) Samples
having pyrophosphate as the only crystalline phase, show
maximum conductivity in the range of 170 - 200oC,30,32,35) but
samples having minor portions of secondary crystalline
phosphates, show maximum conductivity in the range of
150 - 170oC.27,28,35,43) Furthermore, samples having significant
portions of secondary crystalline phases show maximum
conductivity at < 150oC.35) This difference could be attributed to
differences in the composition of the various materials used

2PO4( )P
2
O
7

//

Fig. 10. Schematic of proton migration mechanism in cerium pyrophosphates.
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in these studies (i.e., the presence of secondary-crystalline
proton-conducting phases along with the major crystalline
phase of pyrophosphate).

3.7. Stability of cerium pyrophosphates under mea-

surement conditions

In order to use cerium pyrophosphates as electrolytes in
the range from 100 to 250oC, it is highly desirable that they
should possess significant thermochemical and mechanical
stability in the conditions under which ion fuel-cells oper-
ate. Investigation of the stability of CeP

2
O

7
-based materials

has shown that they are significantly stable under reducing
and high humidity conditions.26,28) These results are similar
to those reported for other TMPs.47,48) However, in the case
of cerium pyrophosphate composites having high content of
excess-phosphate phase, a slight increase in pellet diameter
was observed after the conductivity was measured in
humidified air.30) This could be due to volume expansion
caused by hydrolysis of P = O bonds to P-O-H.49,50) However,
no phase change was observed in the XRD of the powder
obtained from the pellet used in the long-term measure-
ment. Nevertheless, there are other reports about the long-
term stability of cerium pyrophosphate composite with
K

2
HPO

4
, wherein the composite showed relatively poor

thermochemical stability in humid air. This could be
attributed to the water-soluble nature of the K

2
HPO

4
 com-

ponent of the composite.43)

3.8. Fabrication of dense electrolyte samples

Cerium pyrophosphates present an enormous challenge
for the fabrication of dense electrolyte samples, because of
their poor thermal stability. The use of excess phosphate
has been shown to decrease the porosity of the sintered
samples by filling the pores during sintering, at tempera-
tures < 500oC.30) Similarly, some transition-metal dopants
have shown a sintering-aid effect in metal pyrophos-
phates.29,50) However, given the poor thermal stability of
cerium pyrophosphates at ≥ 400oC, it is not yet possible to
get dense electrolyte samples without sacrificing some of
the pyrophosphate phase during high-temperature sinter-
ing. Therefore, it is necessary to look for alternative ways,
such as the formation of composite films with organic pro-
ton-conductors, or by infiltration of proton-conducting
phases into a partially-sintered pyrophosphate substrate.
We are currently working on these approaches, and expect
to report on them in the near future.

4. Conclusions

Cerium-pyrophosphate-based electrolytes showed poor
ionic conductivity (< 10−8 S cm−1) under dry conditions but in
humidified air, conductivity reached > 10−2 Scm−1 in the
range of 100 - 250oC. The samples with porous microstruc-
ture showed a stronger potential for conductivity because of
the water species adsorbed or trapped at ~100oC. The effect
of doping-level on conductivity (s) was not linear, with

conductivity varying in the order : s(CeP
2
O

7
) < s(Ce

0.95
Sr

0.05

P
2
O

7
) < s(Ce

0.8
Sr

0.2
P

2
O

7
) < s(Ce

0.9
Sr

0.1
P

2
O

7
). The use of addi-

tional phosphorous precursor leads to the formation of pyro-
phosphate composites with residual amorphous P

m
O

n
 phase,

which helps to increase proton conductivity by the incorpo-
ration of additional protons from the hydrolysis of P = O
bonds, and by assisting in H-bond-mediated proton-migra-
tion. Measurement of the conductivity of cerium pyrophos-
phates with different phosphate content, showed that
proton incorporation can occur by basic dissolution at the
site of oxygen vacancies, and/or by acidic dissolution at
P = O bonds.
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