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bstract

Composite electrolytes of NH4PO3/pyrophosphate (NH4PO3/ZrP2O7, NH4PO3/Sr2P2O7, and NH4PO3/TiP2O7) with various molar ratios were
abricated, and their thermal and electrochemical properties were compared at intermediate temperatures. The XRD pattern of NH4PO3/Sr2P2O7

omposite was consistent with a mixed phase of crystalline NH4PO3 and Sr2P2O7 regardless of the composition ratio, whereas those of the other
omposites were identical to pyrophosphates. A significant difference in conductivity was observed depending on the supporting matrices of
yrophosphates although each composite contained almost the same molar concentration of NH4PO3. Among the composites, NH4PO3/ZrP2O7

molar ratio; 1:1) exhibited the highest proton conductivity, which was more than twice that of NH PO /TiP O (1:1). The conductivity of
4 3 2 7

H4PO3/Sr2P2O7 (2:1) composite was 2–3 orders of magnitude lower than that of NH4PO3/ZrP2O7 (1:1). These results suggest that the surface
roperty of pyrophosphates strongly affects the electrochemical properties of composites. Furthermore, a fuel cell that used NH4PO3/ZrP2O7

omposite as an electrolyte was successfully demonstrated at 300 ◦C.
2007 Published by Elsevier B.V.
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. Introduction

Recently, considerable effort has been devoted to develop
ovel solid state proton conductors for intermediate-temperature
pplications (100–300 ◦C) such as fuel cells, sensors and pumps
1–4]. At low temperatures (below 100 ◦C), hydrated perfluo-
osulfonic acid membranes such as Nafion® are widely used as
lectrolytes. However, these materials require water to main-
ain high conductivity. Thus, complicated water management is
ne of the major obstacles for intermediate-temperature oper-
tion since the relative humidity decreases with an increase
n temperature between 100 and 300 ◦C. Although many heat-

esistant polymers with high water-holding capability also have
een investigated extensively, usage of polymers derived mainly
rom organic substances limits the operating temperature below
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mmonium polyphosphate

50 ◦C. On the other hand, inorganic materials are more ther-
ally stable and several compounds have been reported with

elatively high proton conductivity. Among them, oxoacid salts
uch as CsH2PO4 are a class of promising electrolyte at inter-
ediate temperatures [5–9].
Ammonium polyphosphate (NH4PO3, APP) is one of the

xoacid salts, which is used as fertilizers and flame retar-
ants. This material shows proton conductivity accompanied
ith the partial decomposition of NH4PO3 into HPO3 at ca.
50 ◦C even under a dry atmosphere, whereas the resultant
ompound does not stay in the solid state at intermediate
emperatures. Thus, the heterogeneous system is preferable,
nd several groups have reported the electrochemical proper-
ies of the composite electrolyte of NH4PO3/(NH4)2SiP4O13
10,11]. Although the compound of (NH4)2SiP4O13 serves as

supporting matrix, composite effects have not been consid-

red carefully. In previous reports [12,13], we revealed that
he structural change of supporting matrix of (NH4)2MP4O13
nto MP2O7 (M = Ti and Si) occurred at intermediate tempera-
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of Gas (H2), Pt/C|NH4PO3/ZrP2O7|Pt/C, Gas (O2 or H2/Ar)
was fabricated with SUS310S and Gore-tex® Hyper-sheet® gas-
kets [14]. All samples were measured after being held at 300 ◦C
until a steady state was achieved. Dry hydrogen and oxygen

Table 1
Composition ratio of each composite

Composite Molar ratio Volume ratio Weight ratio
84 T. Matsui et al. / Journal of P

ures in fuel cell operating condition, resulting in the peculiar
onic-conduction property. The analysis of phosphate anion dis-
ribution suggested that not only decomposed phosphate species
ut also matrix structure affected the proton conduction. Then
he pyrophosphate of TiP2O7 was used as a new matrix, and
he resultant composite of NH4PO3/TiP2O7 exhibited high con-
uctivity of ca. 24 mS cm−1 at 250 ◦C in dry Ar [14]. In this
ase, almost reversible non-Arrhenius-type temperature depen-
ence was observed. This unique behavior suggested that the
nterfacial interaction between NH4PO3 and TiP2O7 should
lay an important role in the mechanism of proton conduc-
ion. Similar interfacial interaction was also reported recently
n CsH5(PO4)2/SiP2O7 composite electrolyte [15,16]. Thus, to
lucidate the composite effects of pyrophosphates on proton
onductivity will be a useful guide to develop a novel pro-
on conductor at intermediate temperatures. In this study, we
imed to investigate the effects of metal species in pyrophos-
hate on thermal and electrochemical properties for NH4PO3
omposites, and pyrophosphates of ZrP2O7 and Sr2P2O7 were
elected. Composite electrolytes of NH4PO3/pyrophosphate
NH4PO3/ZrP2O7, NH4PO3/Sr2P2O7) with various molar ratios
ere fabricated, and obtained properties were compared among

hem and with those for NH4PO3/TiP2O7 [14]. Furthermore,
s a preliminary study, fuel cells were operated at 300 ◦C
ith supplying dry gases since there were few reports on such

esearch.

. Experimental

.1. Preparation of NH4PO3/pyrophosphate composite
lectrolyte

Ammonium polyphosphate (NH4PO3) was synthesized
rom H3PO4 (Nacalai Tesque, Inc., guaranteed reagent),
2O5 (Wako Pure Chemical Industries, guaranteed reagent)
nd (NH2)2CO (ICN Biomedicals, Inc., ultrapure) [17]. The
upporting matrix of zirconium pyrophosphate, ZrP2O7, was
repared by the dehydration of zirconium hydrogenphosphate
Zr(HPO4)2, Aldrich) at 1100 ◦C for 24 h in air. Strontium
yrophosphate, Sr2P2O7, was prepared by heating strontium
ydrogenphosphate (SrHPO4, Aldrich) at 650 ◦C for 6 h in dry
r. The X-ray diffraction patterns of the resulting powders were

dentical to those of NH4PO3 of Form I [18], cubic-ZrP2O7
19], and �-Sr2P2O7 [20], respectively, as shown in Fig. 1.
he composite electrolytes were prepared from the resulting
owders in molar ratios of NH4PO3: pyrophosphate according
o NH4PO3/ZrP2O7 (1:1) and NH4PO3/Sr2P2O7 (1:1, 2:1 and
:1). The mixtures were planetary ball-milled and pressed into
ellets. The resulting pellets were then sintered at 400 ◦C for
0 h under NH3 gas flow. The density of heat-treated composites
as about 90% relative to the theoretical density. The compo-

ition ratio of each composite is summarized in Table 1. We
an roughly estimate the molar concentration ratio of NH4PO3

n the composite by assuming that all of the samples were
lmost dense; NH4PO3/ZrP2O7 (1:1): NH4PO3/TiP2O7 (1:1):
H4PO3/Sr2P2O7 (2:1): NH4PO3/Sr2P2O7 (4:1) = 1.0: 1.1:
.4: 1.8.

N
N
N
N

ig. 1. X-ray diffraction patterns of (a) the obtained NH4PO3, (b) ZrP2O7, and
c) Sr2P2O7.

.2. Characterization

The structures and the thermal stabilities of the composites
ere analyzed by X-ray diffraction (Rigaku RINT 2500 X-ray
iffractometer) and thermogravimetry (Seiko Instruments Inc.,
XTER6000 TG/DTA 6200), respectively. The typical working
onditions for XRD were 40 kV and 40 mA, with a scanning rate
f 1◦ min−1. The thermal stability was examined in dry Ar. The
eta potential of matrices was measured with an electrophoretic
ight-scattering spectrophotometer (Otsuka Electronics, ELS

800SA). The density of each component was measured
y Archimedes’ method (Quantachrome, Ultrapycnometer
000).

.3. Electrochemical measurements

For electrochemical measurements, Pt/C electrodes (E-TEK,
hosphorus acid fuel cell, 1.0 mg cm−2) were used. Proton con-
uctivity was measured by the ac impedance method (Solartron
260 frequency response analyzer and Solartron 1278 poten-
iostat) in a temperature range of 150–300 ◦C under a dry Ar
tmosphere. The applied frequency was in the range of 0.1 Hz
o 1 MHz with a voltage amplitude of 20 mV. For the evalua-
ion of power generation and transference number, a single cell
H4PO3/ZrP2O7 1:1 0.59 0.37
H4PO3/Sr2P2O7 2:1 1.0 0.56
H4PO3/Sr2P2O7 4:1 2.1 1.1
H4PO3/TiP2O7 1:1 0.69 0.44
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ing (temperature decreased from 300 to 150 C) and heating
(temperature increased from 150 to 300 ◦C), as shown as “1st
cool” and “2nd heat”, respectively. Generally, the conductivity is
only proportional to the carrier concentration when the mobility

Table 2
Weight change for each composite at 300 ◦C

Composite Molar ratio Weight Weight change per total
ig. 2. X-ray diffraction patterns of (a) NH4PO3/ZrP2O7 (molar ratio; 1:1) and
b) NH4PO3/Sr2P2O7 (1:1) composite after the heat-treatment at 400 ◦C for 10 h
nder an NH3 atmosphere.

ere supplied as a fuel and oxidant under atmospheric pressure,
espectively.

. Results and discussion

.1. Characterization

The XRD patterns of the NH4PO3/pyrophosphate compos-
tes (molar ratio; 1:1) that had been heat-treated at 400 ◦C for
0 h in NH3 are shown in Fig. 2. In the case of NH4PO3/ZrP2O7
omposite, the pattern was identical to that of cubic-ZrP2O7,
ndicating that NH4PO3 was in the amorphous state. Sim-
lar results were obtained for NH4PO3/TiP2O7 composites
14], which resulted from the melting of NH4PO3 during
he initial heat-treatment at 400 ◦C. On the other hand, even
fter heat-treatment, the XRD pattern of NH4PO3/Sr2P2O7
omposite was consistent with a mixed phase of crystalline
H4PO3 and Sr2P2O7. Regardless of the composition ratio,

imilar diffraction patterns were obtained. These results should
eflect the difference in compatibility between NH4PO3 and
yrophosphate at intermediate temperatures. Considering that
ure ammonium polyphosphate in the solid state changes into
ighly viscous material at 400 ◦C even under an NH3 atmo-
phere, the solidification process will be different depending on
atrices.
As a typical example, the time-course of weight loss for

H4PO3/ZrP2O7 (1:1) composite at 300 ◦C in dry Ar is shown
n Fig. 3. The result for each composite is summarized in Table 2.
he sample was heated to 300 ◦C at a rate of 2 ◦C min−1,
nd then kept for ca. 23 h. In the case of NH4PO3/ZrP2O7
1:1) composite, the weight loss reached a steady state with

loss of 7.4%. However, even under a dry condition, this

alue exceeded the ideal weight loss of 4.7% which was cal-
ulated by assuming that NH4PO3 decomposed completely into
PO3. This result indicates that thermal decomposition pro-

eeded with the volatilization of phosphate components. Other

N
N
N

ig. 3. Time-course of weight loss for NH4PO3/ZrP2O7 (molar ratio; 1:1) com-
osite at 300 ◦C in dry Ar (solid line).

omposites of NH4PO3/Sr2P2O7 (2:1) and NH4PO3/TiP2O7
1:1) showed similar trend patterns with the weight loss of
.3% and 5.2%, respectively. To examine the effect of the
atrix on thermal stability, the weight change per total weight

f NH4PO3 was calculated by assuming that each pyrophos-
hate was stable (Table 2). The composites of NH4PO3/ZrP2O7
1:1) and NH4PO3/Sr2P2O7 (2:1) exhibited almost the same
weight change” although a notable difference was observed
n the crystallinity of NH4PO3 (Fig. 2). Hence, there is no
pecific correlation between thermal stability and crystallinity.

oreover, the net “weight change” was not proportional to
he estimated molar concentration ratio of NH4PO3; the com-
osite of NH4PO3/TiP2O7 (1:1) exhibited the lowest weight
hange. Thus, the thermal stability of NH4PO3 in the composite
ppeared to strongly depend on supporting matrices. Through-
ut this experiment, each composite was kept in the solid state,
ndicating thermally stable.

.2. Electrochemical properties

The temperature dependence of proton conductivity for
H4PO3/ZrP2O7 (1:1) and NH4PO3/Sr2P2O7 (2:1) compos-

tes in dry Ar is shown in Fig. 4. For comparison, the result
or NH4PO3/TiP2O7 (1:1) composite is also shown [14]. Ini-
ially, each sample was kept at 300 ◦C for 24 h until the steady
tate was achieved. Measurements were then taken under cool-

◦

loss (%) weight of NH4PO3 (%)

H4PO3/ZrP2O7 1:1 7.4 27.6
H4PO3/Sr2P2O7 2:1 9.3 26.1
H4PO3/TiP2O7 1:1 5.2 17.1
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Fig. 4. Temperature dependence of proton conductivity for NH4PO3/ZrP2O7
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partial pressure of hydrogen. However, the gap between these
molar ratio; 1:1), NH4PO3/Sr2P2O7 (2:1 and 4:1), and NH4PO3/TiP2O7 (1:1)
omposites [14] in dry Ar: (©,�, �,♦) first cooling and (�,�) second heating.

f charge carrier is constant. This will be true if the conductivity
f composite depends on the decomposition ratio of NH4PO3
espite matrix species, since each sample contained almost
he same concentration of NH4PO3: the partially decomposed
orm of NH4PO3 is responsible for high conductivity. However,
he conductivity increased in the order of NH4PO3/Sr2P2O7
2:1) � NH4PO3/TiP2O7 (1:1) < NH4PO3/ZrP2O7 (1:1) at each
emperature, which did not agree with the prediction. The
onductivity of NH4PO3/Sr2P2O7 (2:1) was 2–3 orders of
agnitude lower than that of NH4PO3/ZrP2O7 (1:1) with no

emperature dependence, regardless of almost the same decom-
osition ratio of NH4PO3. On the other hand, NH4PO3/Sr2P2O7
omposite with a different molar ratio of 4:1 exhibited higher
onductivity comparable to that of NH4PO3/ZrP2O7 (1:1). Thus,
n efficient conduction path is not formed in NH4PO3/Sr2P2O7
2:1). Furthermore, different proton conduction mechanisms
hould be proposed between NH4PO3/Sr2P2O7 (4:1) and
H4PO3/ZrP2O7 (1:1) considering the notable difference in

he temperature dependence of conductivity. Both of these phe-
omena are quite different from that of pure NH4PO3 with an
pparent activation energy of ca. 0.47 eV, indicating the exis-
ence of composite effect. This will be concerned with not only
H4PO3 concentration but also the volume ratio of each com-
onent such as decomposed phosphate species and matrix as
s discussed in the previous paper [13]. The phosphate dis-
ribution and their state should be strongly affected by the
rystallinity of NH4PO3 because of the significant difference
n compatibility between NH4PO3 and pyrophosphate. Thus,
t is revealed that the metal species in pyrophosphate have

uch effect on proton conduction properties and the conduc-
ion phase in the amorphous state is preferable as observed in

ig. 2.

In contrast, the conductivity of NH4PO3/ZrP2O7 (1:1)
as more than twice that of NH4PO3/TiP2O7 (1:1) although

t
d
0

ig. 5. Zeta potential of ZrP2O7 (�) and TiP2O7 (♦) as a function of pH.

H4PO3 in each composite exhibited good compatibility
ith pyrophosphates judging from XRD patterns. Moreover,

or NH4PO3/ZrP2O7 (1:1) composite, the temperature depen-
ence of conductivity appeared to be convex upward and
o be saturated at ca. 300 ◦C with almost reversible behav-
or. This non-Arrhenius-type phenomenon is similar to those
f NH4PO3/TiP2O7 composite and NH4PO3/(NH4)2SiP4O13
omposite [11,14]. Especially in the case of NH4PO3/TiP2O7,
his behavior becomes prominent at a low molar ratio of
H4PO3. This was attributed to that the interface of amor-
hous polyphosphate/TiP2O7 played an important role. Then,
he zeta potential of pyrophosphates was measured to exam-
ne the influence of the matrix surface, as shown in Fig. 5.
he isopotential points of ZrP2O7 and TiP2O7 were ca. pH
.6 and 4.0, respectively, indicating that the surface of ZrP2O7
as negatively charged. Accordingly, the surface basicity of
yrophosphate strikingly affected the thermal stability of com-
osite, resulting in a difference in the carrier concentration
s is discussed in the previous section. In these composites,
ecomposed phosphate serves as an acid medium. Thus, non-
rrhenius-type behavior in conductivity should also be caused
y the acid–base interaction at the interface between the conduc-
ion phase and matrix. Since the surface charge is dependent on

atrix species, the activation energy in interfacial proton con-
uction should be different. At this stage, however, the proton
onduction mechanism at the interface has not been elucidated
ufficiently and is under investigation. The optimized interfa-
ial interaction and structure will provide the fast conduction
ath.

Hereafter, the composite electrolyte of NH4PO3/ZrP2O7
1:1) was used in a fuel cell since it exhibited the highest con-
uctivity of 51 mS cm−1 at 300 ◦C. The Nernstian potential of
hydrogen concentration cell at 300 ◦C is shown in Fig. 6. The

xperimental value agreed well with the theoretical one at a high
wo values increased with an increase in the concentration gra-
ient, and the apparent transference number was calculated to be
.83. This value is slightly lower than that of NH4PO3/TiP2O7
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ig. 6. Nernstian potential of a hydrogen concentration cell using
H4PO3/ZrP2O7 (molar ratio; 1:1) composite electrolyte at 300 ◦C: (�) exper-

mental values and (�) theoretical values.

1:1) at 250 ◦C [14]. This should be caused by the low density of
eat-treated pellets and subsequent NH3 elimination at 300 ◦C,
esulting in the leakage of gas through the electrolyte under a
igh concentration gradient. However, this will be improved by
ptimizing the fabrication method.

The power generation characteristics of a single cell using
H4PO3/ZrP2O7 composite at 300 ◦C are shown in Fig. 7. The

lectrolyte thickness was 2.2 mm. Dry hydrogen and oxygen
ere supplied as a fuel and oxidant, respectively. The open cir-

uit voltage was 0.72 V, which was somewhat lower than the
heoretical value of 1.13 V because of the low relative density

f the electrolyte as mentioned above. However, it was possible
o generate electricity up to 151 mA cm−2, and the maximum
ower density was 27 mW cm−2. This performance is compa-

ig. 7. Cell voltage (open triangles) and power density (filled circles) as a
unction of current density at 300 ◦C. [H2, Pt/C|NH4PO3/ZrP2O7 (molar ratio;
:1)|Pt/C, O2].
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able to that of NH4PO3/TiP2O7 composite, and it has been
eported that performance limitations are dominantly due to the
lectrolyte thickness [14]. Thus a dense and thin electrolyte
hould dramatically improve the performance. This compos-
te electrolyte has the possibility to realize the water-free fuel
ell system, which will be the breakthrough technology for use
n both stationary and mobile applications. However, there are

any points to be elucidated and improved for the development
nd is under investigation.

. Conclusions

Composite electrolytes of NH4PO3/pyrophosphates were
abricated, and their thermal and electrochemical properties
ere compared at intermediate temperatures. The metal species

n pyrophosphate have much effect on the compatibility with
H4PO3, resulting in the different proton conduction mech-

nism. X-ray diffraction analysis is a convenient method to
rovide the information on the compatibility, and the amorphous
tate of NH4PO3 appears to be preferable for fast proton conduc-
ion. It is also clarified that a difference in the surface basicity of
yrophosphate strongly affects the thermal stability and conduc-
ivity due to the acid–base interaction at the interface. Therefore,
he optimization of interfacial interaction and structure is useful
n the design of novel ionic conductors with high mechanical
trength at intermediate temperatures.
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