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a b s t r a c t

Zirconium phosphate (ZrP) was investigated as a possible proton conductor material in direct hydro-
carbon polymer electrolyte membrane (PEM) fuel cells that operate at greater temperatures than
conventional PEM fuel cells. Amorphous zirconium phosphate was synthesized in this work by pre-
cipitation at room temperature via reaction of ZrOCl2 with H3PO4 aqueous solutions. The conductivity
of the synthesized ZrP materials were 7.04 × 10−5 S cm−1 for ZrP oven dried in laboratory air at 70 ◦C
vailable online 18 November 2009
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and 3.57 × 10−4 S cm−1 for ZrP powder dried first at 70 ◦C in laboratory air and then processed at 200 ◦C
with continuous H2O injection at an H2O/N2 molar ratio of 6. This work showed that by maintaining
appropriate water content in the vapour phase at processing conditions, it was possible to alter the com-
position of zirconium phosphate to a sufficiently hydrated state, and thereby avoid the normal decrease
in conductivity with increasing temperature.
mpedance spectroscopy
ydration

. Introduction

Work in our laboratory is being directed toward the devel-
pment of direct hydrocarbon fuel cells having an electrolyte
embrane containing zirconium phosphate as its proton conductor

omponent. Hydrogen is the fuel used in most fuel cells. Methanol
s the second most common fuel. The reason that hydrocarbons
re normally not fed directly to the anode of a fuel cell is that fuel
ell performance with hydrocarbon fuels is much worse than with
ydrogen or methanol.

Increasing the fuel cell operating temperature is expected to
mprove the reaction kinetics and therefore improve hydrocarbon
uel cell performance. NafionTM, the polymer electrolyte membrane
PEM) used in many hydrogen fuel cells becomes dehydrated as the

emperature increases and is not suitable at temperatures greater
han 85 ◦C. In contrast, composite electrolytes composed of zir-
onium phosphate, NafionTM, and polytetrafluoroethylene (PTFE)
ave been used in hydrogen fuel cells at temperatures up to 120 ◦C

∗ Corresponding author. Tel.: +1 613 831 8079; fax: +1 613 831 5458.
E-mail address: ternan@sympatico.ca (M. Ternan).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.11.052
© 2009 Elsevier B.V. All rights reserved.

[1]. Although functional, the performance does decrease as the tem-
perature rises above 80 ◦C. The target temperature for this work is
200 ◦C.

For a direct propane fuel cell, the overall reaction at the anode
is:

C3H8 + 6H2O = 3CO2 + 20H+ + 20e− (1)

Therefore, for a steady-state reaction, the feedstock must con-
tain 6 moles of water for every mole of propane. In contrast when
hydrogen is the fuel there is no stoichiometric requirement to
include water in the feedstock. Although the hydrogen feedstock to
a hydrogen fuel cell is often humidified, the saturated water vapour
pressure at the anode of hydrogen fuel cells is small compared to
the stoichiometric quantity in Eq. (1).

Zirconium hydrogen phosphate Zr(HPO4)2 (abbreviated as ZrP)
is a solid protonic conductor. ZrP has a layered structure that allows
the intercalation of guest molecules. It has cationic exchange prop-

erties, proton conducting properties, and is a highly hydroscopic
insoluble solid. The interest in this compound goes back to the
1950s since its behaviour as a cation exchanger [2–4] was dis-
covered. The cationic exchange behaviour was explained by the
layered structure and the presence of passageways that provide a

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:ternan@sympatico.ca
dx.doi.org/10.1016/j.jpowsour.2009.11.052
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ufficiently free volume to allow unhydrated cations to exchange
5].

Work on the conductance properties of ZrP was reported by
lberti et al. [6,7]. It was shown that the conductance of ZrP
ecreased with an increase in the degree of crystallinity. The frac-
ion of the surface protons is small but their mobility is greater than
hese internal ones. Their combination results in a large proton con-
uctivity. Alberti et al. [7] found that the mobility of surface ions

n �-ZrP are 104 times higher than interlayer ions. Therefore, high
roton conductivity is the result of the high proton mobility on the
urface of ZrP.

There has been an increasing interest not only in the prepara-
ion of inorganic proton conductors, such as zirconium phosphate,
ut also in their use for the operation in sensors, water electrolysis
nits and electrochemical devices such as fuel cells. The conduc-
ivity of amorphous ZrP in water at 80 ◦C approaches 0.01 S cm−1

8]. This has triggered several studies in literature to evaluate
he proton conductivity of ZrP after its incorporation within non-
onductive materials such as polymers [9]. Examples are composite
embranes prepared by the precipitation of zirconium phosphate

n situ in polytetraflouroethylene (PTFE) [10], in NafionTM [1,10],
nd in the composites prepared by Park et al. [11] by mixing
he PTFE emulsion and the ZrP powder followed by drying and
ressing.

The object of this work is to investigate ZrP as an electrolyte
aterial for hydrocarbon fuel cells: specifically, to (1) investigate

he degree of ZrP hydration at high temperatures and (2) investigate
he effect of hydration on conductivity.

. Experimental

.1. Preparation and characterization of zirconium phosphate
owder (ZrP)

Zirconium phosphate powder (ZrP) was prepared by the reac-
ion of aqueous solutions of zirconium oxychloride (ZrOCl2) and
hosphoric acid (H3PO4). A 100 mL (0.5 M) solution of ZrOCl2 was
repared using ZrOCl2·8H2O purchased from Aldrich. The ZrP pow-
er was precipitated at room temperature upon the addition of
M of H3PO4 in three stages. The precipitation reaction proceeded
ccording to the following equation:

rOCl2 + 2H3PO4 → Zr(HPO4)2 + 2HCl + H2O (2)

The gel, formed by the reaction, was then filtered and washed

ve times with de-ionized water. The samples obtained were
eated to different temperatures. These samples were subjected
o various characterization methods.

The various ZrP samples were subjected to one of two different
ets of environmental conditions. The first set of environmental

Fig. 1. H2O partial pressure experiment equipment.
Sources 195 (2010) 2520–2525 2521

conditions involved heat treatment in laboratory air for 24 h, as
follows: (a) ZrP powder oven dried at 70 ◦C in laboratory air (i.e. at
a relative humidity of 20%); (b) ZrP powder oven dried at 110 ◦C in
laboratory air; (c) ZrP powder oven dried first at 70 ◦C and then at
200 ◦C both in laboratory air. The second set of environmental con-
ditions was a combination of heat treatment and elevated water
vapour pressure, specifically: (d) ZrP powder dried first at 70 ◦C
in laboratory air and then processed at 200 ◦C in a tube furnace,
for 3 h with continuous H2O injection at an H2O/N2 molar ratio
of 6, the stoichiometric ratio in the direct propane fuel cell reac-
tion, as shown in Fig. 1. After the above processing, each sample
was placed in a closed bag made of non-porous PTFE and sent for
analysis.

2.2. Conductivity measurements (impedance spectroscopy)

The electrochemical impedance of ZrP electrolyte was measured
using a common electrochemical cell that is shown in Fig. 2. 304
stainless steel was used to construct the cell electrodes. The design
of the cell was taken from Wang et al. [12]. The cell was cylindrical
in shape with an inside diameter of 7.08 mm. A 304 stainless steel
bolt (24 threads per inch, or pitch = 1.058 mm per thread) could be
screwed into one end of the ceramic cylinder. The other end of the
ceramic cylinder was also threaded and was connected to a 304
stainless steel base. A typical pellet would have a diameter of 7 mm
and a thickness of 0.7 mm.

The resultant ZrP samples were crushed to form a fine powder.
The powder was placed in the cell and compressed until a constant
torque was obtained. The resulting pellet was used for the conduc-
tivity measurements. The torque applied to the cell was measured
with a torque wrench and had a value of 40 lbF in (4.5 Nm). The load,
F, used to compress the powder was calculated from the torque, T,
using an empirical engineering formula, F = 0.2DT, where D is the
nominal bolt diameter and 0.2 is the “nut” factor. The pressure,
P = F/A, where A is the cross-sectional area of the flat end of the bolt
was determined to be 300 kPa.

The four probe EIS (electrochemical impedance spectroscopy)
measurements were made using a Parstat 2273 electrochemical
measurement system running electrochemical Power Suite soft-
ware over a frequency range of 1–100 kHz with an applied voltage
of ±10 mV. For each sample tested, a value for the electrolyte
resistance was derived from the impedance experiments. Nyquist
plots were obtained from impedance data. A typical Nyquist plot
obtained during this work was composed of a small portion of a
semi-circle at high frequencies followed by a Warburg tail that

approaches a straight line, at low frequencies. The data at the very
highest frequencies in Fig. 3 show a short line that is almost vertical.
It is one end of the semi-circle. Data obtained with less compacted
ZrP material, not shown in this work, formed a complete semi-

Fig. 2. Impedance spectroscopy cell.
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Fig. 3. Nyquist plot for ZrP samples (ZrP powder dried at 70 ◦C in laboratory air;
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Table 1
Experimental conductivity values as a function of processing conditions.

Processing conditions Proton conductivity (S cm−1)

70 ◦C air drying 7.04 × 10−5

3.2. Thermogravimetric analysis

In this work, the thermal stability of amorphous ZrP was inves-
tigated by performing thermogravimetric analyses (TGA) for the

Table 2
Conductivity values reported in the literature (S cm−1).

Material Literature values of
conductivity (S cm−1)

Reference

Zr(HPO4)2·H2O 9.4 × 10−5 [5]
rP powder dried at 200 ◦C in laboratory air; and ZrP powder dried first at 70 ◦C in
aboratory air and then processed at 200 ◦C in a tube furnace with continuous H2O
njection at an H2O/N2 molar ratio of 6, the stoichiometric ratio in the direct propane
uel cell reaction).

ircle. The straight line in the Nyquist plot can be extrapolated to
ts intersection with the x-axis to obtain a value of resistance. The
onductivity (�) in S cm−1 was then calculated [11] according to
he equation:

= d

RA
(3)

here d and A are the thickness and the area for the sample respec-
ively. Values of the electrolyte resistances, R, were obtained from
yquist plots.

.3. Samples characterization

The samples were analysed by XRD (X-ray diffraction) using
hilips PW 1830 generator machine and TGA (Thermo Gravimetric
nalysis) using a 2960 SDT analyser from TA instruments. Thermal
nalysis was performed under N2 and at a heating rate of 15 and
◦C min−1.

. Results and discussion

.1. Conductivity measurements

The ZrP powders were analysed using electrochemical
mpedance spectroscopy (EIS) after being dried at various temper-
tures. The samples tested were (1) ZrP powder dried at 70 ◦C in
aboratory air; (2) ZrP powder dried at 200 ◦C in laboratory air; (3)
rP powder dried first at 70 ◦C in laboratory air and then processed
t 200 ◦C in a tube furnace with continuous H2O injection at an
2O/N2 molar ratio of 6, which is the stoichiometric ratio in the
irect propane fuel cell reaction. The objective was to evaluate their
onductivities. The conductivity results, measured at room tem-
erature, are presented as Nyquist plots in Fig. 3. The frequencies
re shown as a separate line in Fig. 3. In general, the conductiv-
ty plots are composed of a Warburg line at frequencies less than
00 kHz and a partial semi-circle (not visible in Fig. 3) at frequen-
ies greater than 100 kHz [12]. The electrolyte resistance was then
etermined by extrapolating the Warburg portion of the plot to
he x-axis. The intercept at the x-axis is the real part of the ZrP
mpedance.
The Nyquist plots, in Fig. 3, above provided values of ohmic resis-
ances that were 3500 � after 70 ◦C final air drying temperature,
400 � after 200 ◦C final air drying temperature and 375 � after
00 ◦C final processing temperature with a H2O/N2 molar ratio of
. These resistance values along with the thickness and the area
200 ◦C air drying 5.79 × 10−5

200 ◦C processing at an H2O/N2 molar ratio of 6 3.57 × 10−4

of the sample were used in Eq. (3) to calculate the conductivity,
�, in S cm−1. The results are shown in Table 1. It can be seen that
the conductivity decreased from 7.04 × 10−5 to 5.79 × 10−5 S cm−1

with the increase in the final drying temperature (in laboratory
air) from 70 to 200 ◦C. This is typical behaviour. As the tempera-
ture increases, water evaporates and condensation of the hydroxyl
groups in ZrP occurs. Loss of protons as a result causes the con-
ductivity to decrease considerably [13]. The above results are also
in agreement with previous conclusions that the transport of ions
in ZrP is protonic via the Grothuss mechanism [14] as the con-
ductivity decreases with the loss of protons. More importantly
our experimental data in Table 1 show that by maintaining the
ZrP material in an atmosphere that is predominantly water, the
proton conductivity (3.57 × 10−4 S cm−1) is almost an order of mag-
nitude greater than when it is in a relatively dry atmosphere
(5.79 × 10−5 S cm−1).

ZrP proton conductivities have been reported in previous stud-
ies. For instance, the proton conductivities of the crystalline phase
�-ZrP, Zr(HPO4)2·H2O, were: 9.4, 3.7 and 3 × 10−5 S cm−1 [5,15].
These results are consistent with the conclusion that the con-
ductivity decreases with the degree of crystallinity. Patel and
Chudasama [13] and Thakkar et al. [16] have reported that amor-
phous ZrP pellets had protonic conductivity values of 4.2 × 10−6 to
1.9 × 10−6 S cm−1 over the temperature range of 30–120 ◦C respec-
tively. Casciola and Bianchi [17] have also reported a value of
3.2 × 10−6 S cm−1 at 30 ◦C for ZrP conductivity. These values have
been summarized in Table 2 where it can be seen that the conduc-
tivity of ZrP decreases with temperature.

As mentioned above, our experimental results showed that a
conductivity of 3.57 × 10−4 S cm−1 was obtained with water injec-
tion. This water-injection technique was successful in maintaining
a reasonable conductivity value. In comparison 1.9 × 10−6 S cm−1

was reported at 120 ◦C under dry conditions [13]. Our own rel-
atively dry value at 200 ◦C, in Table 1, was 5.79 × 10−5 S cm−1.
The conductivity result measured in a predominantly water atmo-
sphere results from two factors acting against each other: (1) water
injection which provides the necessary hydration to ensure pro-
ton conductivity and (2) the condensation of hydroxyl groups that
occur at temperatures ∼180 ◦C and causes a loss of proton groups
[18]. The experimental results in Table 1 suggest that the first factor
had the most influence.
Zr(HPO4)2·H2O increasing 3.7 × 10−5 [5]
Zr(HPO4)2·H2O crystallinity 3 × 10−5 [5,15]
Amorphous ZrP at 30 ◦C 3.2 × 10−6 [17]
Amorphous ZrP at 30 ◦C 4.2 × 10−6 [13]
Amorphous ZrP at 120 ◦C 1.9 × 10−6 [13,16]



A. Al-Othman et al. / Journal of Power Sources 195 (2010) 2520–2525 2523

F
s
−
(

s
a

i
T
t
a
i
o

t
t
r
t
g
[

3

c
o
o
i
fl

F
r

Table 3
Experimental conductivity values as a function of the material’s processing
conditions.

Processing conditions A B C

Fitting using Eq. (4) resulted in an excellent agreement between
ig. 4. TGA data for the ZrP sample that was previously dried at 70 ◦C and was
ubjected to water injection at 200 ◦C. [Heat flow values (W g−1) were divided by
1000 to match the scale of the other two plots: (a) dW/dt (mg min−1) and (b) weight

mg).]

ame samples described above. The TGA analyses were performed
t a heating rate of 15 ◦C min−1 in a N2 atmosphere.

The TGA results for the sample that produced the best
mpedance analysis performance (200 ◦C–wet) are shown in Fig. 4.
he TGA analysis showed a weight loss of 2.14 mg in the tempera-
ure range (25–210 ◦C) with a maximum in the rates of weight loss
t 65 ◦C and an inflection point at 141 ◦C. The weight loss (1.15 mg)
n the temperature range (210–1100 ◦C) had a maximum in the rate
f weight loss at 304 ◦C.

The thermal behaviour of ZrP as ion exchangers has been
he subject of several previous studies. The studies concluded
hat: (1) the TGA results are a function of heating rate, prepa-
ation method and properties of the starting materials and (2)
here is a condensation reaction that takes place between P–OH
roups and leads to a mixture of phosphate–pyrophosphate phases
19].

.3. X-ray diffraction results

A ZrP sample was examined by X-ray diffraction (XRD) after cal-
ination at 1100 ◦C for 1 h. The spectrum is shown in the lower part

f Fig. 5. The spectrum was identified as the crystalline structure
f zirconium pyrophosphate (ZrP2O7). One interesting observation
n Fig. 4 is the occurrence of a sharp exothermic peak in the heat
ow at 1015 ◦C indicating a phase change. This is explained by the

ig. 5. XRD pattern for ZrP samples dried in laboratory air at 70, 110 and 200 ◦C
espectively plus a ZrP sample that was calcined at 1100 ◦C for 1 h.
70 ◦C air drying 83.34 3.72 367.98
200 ◦C air drying 77.09 2.39 367.97
200 ◦C processing at an H2O/N2 molar ratio of 6 77.19 4.09 594.62

transformation of layered pyrophosphate to cubic pyrophosphate
that occurs at this temperature range [19–22]. Since there was no
accompanying change in weight, the change in heat flow was not
caused by a loss of material. These results indicate that heating to
a sufficient temperature ultimately converts hydrated zirconium
phosphate to zirconium pyrophosphate.

The XRD pattern for the hydrated ZrP samples that were air-
dried at various temperatures are also shown in Fig. 5. Although
they do not have nice crystalline patterns, like the zirconium
pyrophosphate, they do have some less intensive peaks indicat-
ing that they are not completely amorphous and that they do have
some structure. These patterns are characteristic of ZrP formed
from the precipitation reaction of ZrOCl2 and H3PO4 solutions at
room temperature [3,13].

3.4. Analysis of the TGA data

The combination of the XRD data in Fig. 5 showing that zirco-
nium pyrophosphate is formed above 1015 ◦C, and the TGA data
in Fig. 4 showing that the weight at temperatures above 1015 ◦C
is approaching a constant value, suggests a basis for analyzing the
TGA data. Specifically, it suggests that all samples when heated suf-
ficiently will approach a constant weight in the form of zirconium
pyrophosphate. Therefore, the TGA weight data above 500 ◦C were
fitted to the following empirical equation:

y = A + B

exp[(T − 500)/C]
(4)

where T is the temperature (◦C), y is the weight of the ZrP pellet, A
is the weight of the ZrP sample at T = ∞, B = y(T500) − y(T∞), and C is
an arbitrary parameter. The values of the parameters are shown in
Table 3.
the calculated line and the TGA experimental data (shown as dia-
monds in Fig. 6). The insert in Fig. 6 shows both the diamond
experimental data points and the calculated straight line. The data
points are so close together in the main plot in Fig. 6 that it is impos-

Fig. 6. The agreement between the TGA experimental data (solid diamonds) and
the values calculated using Eq. (4).
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ig. 7. TGA data fitting for ZrP samples dried at 70, 110 and 200 ◦C in the oven plus
rP at 200 ◦C with H2O injection (200 ◦C–wet).

ible to distinguish between the trajectory of diamond data points
nd the line calculated from Eq. (4). Eq. (4) was used to calculate
he weight of zirconium pyrophosphate that would be pro-
uced from all ZrP samples when their temperatures approached
= ∞.

ZrP2O7 is formed according to the following series of reactions,
ach of which eliminates a water molecule:

ZrPO4(H2PO4)·xH2O (x > 2) → ZrPO4(H2PO4)·2H2O

→ Zr(HPO4)2·H2O → Zr(HPO4)2 → ZrP2O7 (5)

When all the water of hydration that is bound to the ZrP chem-
cal structure has been removed then only anhydrous zirconium
ydrogen phosphate [Zr(HPO4)2] remains. It is subsequently con-
erted to zirconium pyrophosphate in the final reaction.

.5. Quantitative water content of ZrP

With the knowledge of the zirconium pyrophosphate (ZrP2O7)
eight and by ascribing the TGA weight loss to water, the ratio

mols H2O/mol ZrP2O7) at any temperature was calculated. The
esults are shown in Fig. 7 as moles of H2O per mole of ZrP2O7.

The states of hydration in the various zirconium phosphate
ompounds can be identified in terms of the H2O/ZrP2O7 molar
atio shown in Fig. 7. A value of “0” in Fig. 7 represents ZrP2O7.

value of “1” in Fig. 7 represents Zr(HPO4)2. A value of “2” in
ig. 7 represents Zr(HPO4)2·H2O. A value of “3” in Fig. 7 repre-
ents ZrPO4(H2PO4)·2H2O. Any value greater than 3 represents
rPO4(H2PO4)·xH2O where x > 2. That is the formula that is used
o represent the starting material, prior to drying at any temper-
ture. Results similar to those in Fig. 7 were obtained in previous
tudies such as Constantino and Ginestra [19] and Patel et al. [21].
he sample dried in laboratory air at 70 ◦C had a value slightly less
han “3” indicating that the statistically average extent of hydration
as slightly less than that of � zirconium phosphate. The sam-
le dried in laboratory air at 110 ◦C had a value of approximately
2.5” indicating that its statistically average extent of hydration
as between that of � zirconium phosphate and � zirconium phos-
hate. Based on the above observations, it was expected that the
ample dried in laboratory air at 200 ◦C would have a value less
han “2.5”. It was found to be greater than “2.5”. This sample
ay have picked the additional moisture by being exposed to the
tmosphere for an extended period of time prior to its thermogravi-
etric measurement. This is consistent with the results obtained

y Amphlett [20] who reported that it was possible to reconvert
yrophosphates back into phosphates upon immersion in aque-
Sources 195 (2010) 2520–2525

ous solutions at 300 ◦C. Finally the sample processed at a H2O/N2
molar ratio of 6 was expected to have a greater value than the oth-
ers since it was processed in an environment with a large water
content.

The water content of all the samples in Fig. 7 decreased as the
temperature increased. At all temperatures, the solid sample pro-
cessed at 200 ◦C with a H2O/N2 molar ratio of 6 had a greater water
content than any of all the other solid samples. This observation
indicates that the presence of a water rich vapour phase produced
a zirconium phosphate solid that was hydrated to a greater extent
than the zirconium phosphate solids that were prepared in labora-
tory air. The two samples dried at 200 ◦C, one in the presence of a
water rich vapour and the other in laboratory, air provide a direct
comparison showing that the water rich vapour caused the solid to
be hydrated to a greater extent.

Finally the sample processed with an H2O/N2 molar ratio of
6 at 200 ◦C had both the greatest conductivity and the largest
hydrated water content compared to all other samples. This is
consistent with the concept that: by maintaining an appropri-
ate water content in the vapour phase at processing conditions,
it was possible to maintain the zirconium phosphate in a suffi-
ciently hydrated state, so that the conductivity values could also be
maintained.

4. Conclusions

Two conclusions can be made related to the operation of zir-
conium phosphate fuel cell membranes at elevated temperatures
(200 ◦C). (1) The decrease in proton conductivity that has some-
times been attributed to a loss in water content is consistent with
our measurements of conductivity and water content that are
reported here in relatively dry laboratory air from 70 to 200 ◦C. (2)
Furthermore, it was shown that an adjustment of the vapour phase
water content during processing (so that the gas phase in contact
with the zirconium phosphate membrane contained an H2O/N2
molar ratio of 6, the stoichiometric feed ratio in a direct propane
fuel cell), enhanced the hydrated water content of the zirconium
phosphate material compared to when it was in the presence of
a relatively dry atmosphere. In addition, our experiments showed
that the conductivity of this 200 ◦C material having the enhanced
hydrate water content was even greater than that of material that
had only been at 70 ◦C in a relatively dry atmosphere. This finding
indicates that it should be possible to operate direct hydrocarbon
fuel cells at elevated temperatures, without encountering degrada-
tion in the proton conductivity of the membrane and thereby take
advantage of more rapid kinetics and greater current densities.
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