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Abstract

Members of the solid-solution series Ce;_,Sr,PO,_s (x = 0, 0.01, 0.02) with mixed protonic and electronic transport have been synthesized by a
nitrate-decomposition method followed by sintering at 1450 °C. Impedance spectroscopy is employed to estimate the bulk electrical conductivity
in wet (~0.03 atm) and dry atmospheres of O, and 10%H,:90%N,. Conductivity increases with dopant concentration (x), oxygen partial pressure
(pO,) and water vapour partial pressure (pH,0) reaching ~3.5 x 107> S em™" at 600 °C for x = 0.02 in wet O,. Activation energies (E,) for the
bulk conductivity of Ceg 9gSrg 02PO4_s below 650 °C are 0.44 and 0.78 eV for wet oxidising and wet reducing conditions, respectively. A moderate
but positive pO,*" power-law dependence (n < 1/10) of conductivity is exhibited in the pO, range 107> to 10~" atm, consistent with mixed ionic
and p-type electronic transport. Thermogravimetric analysis indicates that the Sr-doped materials are stable in a CO, atmosphere in the temperature

range 25-1200 °C.
© 2008 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Hydrogen is considered as one of the most likely energy
sources which will lower fossil-fuel dependence, with
beneficial effects for climate change, air pollution and energy
security. Hydrogen separation and purification currently
involves pressure-swing adsorption and cryogenic distillation,
with membrane-based technologies in development as a more
economic alternative [1]. Types of membrane include poly-
mers, Pd-based systems and microporous inorganic materials.
Dense ceramic hydrogen-permeable membranes provide an
analogue of the widely investigated oxygen-permeable
membranes which may be used for oxygen production,
purification and partial oxidation of hydrocarbons [2].
Operation of H,-permeable devices occurs non-galvanically
under a gradient in hydrogen chemical potential, thus materials
with mixed electronic and protonic conductivity and good
stability in reducing conditions are required.
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The search for a suitable ceramic material has focused on
perovskites with mixed protonic and n-type electronic con-
ductivity, such as BaCe( gY,05_5 [3]. However, the basicity of
these systems leads to poor chemical stability, particularly in
acidic gases such as CO;, [4], and the electronic component of the
conductivity is not high enough to maintain a sufficient hydrogen
flux. Attempts to circumvent this latter problem have included
adding Ni metal to the perovskite in a dense cermet structure with
enhanced electronic conductivity [5].

As highlighted recently by Matsumoto et al. [6], the
coexistence of electrons and protons is unfavourable in oxide
proton conductors. The defect equilibria

H, +2h* = 2H* (1)
and
h*+e¢ =0 2)

require that the product of [H®][¢'] is constant at a given pO,.
The key to developing dense ceramic membranes with high
hydrogen permeability may thus lie in finding a material with
appreciable protonic and p-type electronic conductivity.
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Accordingly, the electronic component of the hydrogen perme-
ability of BaCego_,Y(.1Ru,O5_; is attributable to an electron
hole generated in the O 2p band rather than n-type conductivity
[6]. As pointed out by Norby [2], cations with a relatively
stable, but oxidisable valence state should thus be employed in
the membrane. For example, the stability of the +3 valence state
of Cr in reducing conditions is exploited in the p-type con-
ducting SOFC interconnect material, Sr-doped LaCrOs.

Another phase recently reported to exhibit mixed electron
hole and proton conduction in both oxidising and reducing
conditions is 1 mol% Sr-doped CePO, [7]. The CePO, system
appears to be promising as a membrane material due to its high
stability and low cost. A further potential use for acceptor-
substituted CePO, is as a cathode for an SOFC with a proton-
conducting LaPQOy-based electrolyte [8]. The La-containing
system has been the focus of several studies, whereas the work
of Kitamura et al. [7] is the first to report acceptor-substituted
CePOy. In this paper, we employ an alternative synthesis route
for obtaining Sr-doped CePO, based on nitrate decomposition
and combustion, examine the extent of Sr solubility in the
CePO, host, conduct electrical conductivity studies and
determine the stability of the Sr-doped material in CO,.
Electrochemical characterisation is performed by impedance
spectroscopy as a function of temperature in wet and dry H, and
O, to delineate bulk contributions to conductivity and their
atmospheric and temperature dependencies. Impedance data
collected as a function of pO, are interpreted in terms of the
defect chemistry of the orthophosphate system.

2. Experimental procedure

Compositions of nominal formula Ce;_,Sr,PO4 s (x =0,
0.01, 0.02, 0.05, 0.1) were prepared from appropriate quantities
of Ce(NO3);-6H,0, Sr(NOs3), and (NH4),HPO,. The compo-
nents were mixed on a hot plate at 150 °C with the addition of
urea whose exothermic combustion was used to assist reaction
[9]. The temperature was raised to ~300 °C to promote
reaction, which occurred in a time of approximately 4 min. The
product was milled in an agate mortar then heated at 800 °C for
4 h (heating and cooling rates of 5 °C min~ ') in order to remove
organic product and achieve further homogenization prior to
sintering. Pellets of 15 mm diameter were then prepared from
this powder with a uniaxial press. Final firing of the pellets took
place in a temperature range of 1200-1500 °C.

Samples were examined for completeness of reaction and
phase purity by powder X-ray diffraction (XRD) with a
Siemens D5000 instrument (Cu Ka radiation, routine 26 range
of 10-80°). Density was measured by the Archimedes method
on displacement of water; relative density values were then
calculated as a percentage of the theoretical X-ray density.
Microstructure was analysed by scanning electron microscopy
(SEM) with a Zeiss DSM400 instrument.

Pellets for conductivity measurements were coated with Pt
paste (SPi supplies) and fired at 800 °C for ~1 h to remove the
organic content, harden the Pt paste and attach the Pt to the
pellet faces. Impedance spectroscopy was performed with an
Agilent 4294A instrument, computer controlled with the

software Sweep [10]; impedance spectra were routinely
measured over the frequency range 40 < f < 10° Hz, although
measurements up to 10® Hz were also periodically conducted.
Data were collected in the temperature range 300-800 °C in a
single-atmosphere cell equipped with a YSZ oxygen sensor in
wet and dry O,, and mixtures of wet and dry 10%H,:90%N,;
dry gases were fed directly to the chamber at a flow rate of
50 ml/min; for wet atmospheres, the gases were firstly bubbled
through water at room temperature to provide a water content of
~0.03 atm [11]. Measurements were taken on cooling in steps
of 50 °C. On changing atmosphere, data were collected once
steady state had been reached (over a period of at least 12 h).
Analysis of spectra was performed with the ISA [12] and
EQUIVCRT [13] programs to resolve the impedance response
into bulk, grain-boundary and electrode contributions.

Measurements were also taken as a function of pO, by firstly
equilibrating the furnace in a reducing atmosphere
(10%H,:90%N,) then switching off the gas flow and allowing
the atmosphere inside the chamber to slowly equilibrate with
the outside air, in a manner similar to that reported previously
[14]; equilibration with the atmosphere took place in a period of
>14 h, and data were collected at intervals of at least 30 min.

Thermogravimetric analysis (TGA) was performed in high-
purity, dried CO, with a flow rate of 2 1/h up to 1200 °C (heating
rate 5 °C min~") in a SetSys 16/18 instrument. A comparison of
stability in CO, was made with the proton-conducting
SrCey9Yby103_s system, which was synthesized by solid-
state reaction in a manner similar to that described previously
[15].

3. Results
3.1. Phase formation

The powder XRD patterns of reaction products at 300 °C
indicated that CePO4-based material forms with an X-ray
pattern consistent with the monoclinic cell of the monazite
structure (CePO4, PDF no. 32-0199). Additional peaks
indicating incomplete reaction and/or second phases were also
observed at this stage for all x (Fig. 1(a)). The width of the

m Sr3Ce(POy)3
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Fig. 1. XRD patterns of (a) Ceg 9gSrg02PO4_s after nitrate decomposition and
combustion, (b) CepogSrg0PO4_s on sintering at 1450 °C, and (c)
Ce.95510.05PO4_s on sintering at 1450 °C. Unmarked reflections indicate
CePOy-type phase.
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X-ray reflections suggests that the crystallite size is in the
nanometric range.

On sintering CePOy at 1500 °C for 6 h, phase-pure product
is obtained. The XRD patterns of compositions x = 0.01 and
0.02 (Fig. 1 (b)) with final sintering temperature of 1450 °C
were indexed on a similar cell to the parent phase. A second
phase, Sr;Ce(PO,)s, was identified in the patterns of composi-
tions x = 0.01 and 0.02 fired at 1500 °C, and for x = 0.05 (Fig. 1
(¢)) and x=0.10 fired in the range 1200-1500 °C; these
materials were not subjected to further study. The intensity of
the strongest Sr3Ce(POy); reflection for composition x = 0.05
was >6% of the most intense peak of the major phase,
suggesting that the solid-solution limit is much closer to
2 mol% Sr. The Sr-doped materials were green in colour in
contrast to white CePQOj,.

Pellets densities were determined as ~86-89% of the
theoretical X-ray density for samples x = 0.0, 0.01 and 0.02.
Scanning electron micrographs revealed the presence of open
porosity and an average grain size in the micron range, as
shown in Fig. 2. Whereas a greater density would be required
for a membrane-separation device, the open porosity favours
faster equilibration with the gas phase, of relevance when
measuring the conductivity as a function of pQO,.

3.2. Impedance spectroscopy

The impedance spectra of CePO, in oxidising conditions
were dominated by a single, slightly-depressed arc, Fig. 3(a).
As is common for the analysis of ‘“‘non-ideal” behaviour
[16,17], the response was modelled with an RQ element of
resistance R in which the ideal capacitance is replaced by a
pseudo-capacitance Q. The true capacitance is related to Q
through the angular frequency (w,) by the additional parameter

wo === (RQ)™'/" 3)

Fig. 2. Scanning electron micrograph of a fracture surface of Ce 99Sr 01PO4_s.
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Fig. 3. (a) Impedance spectra in dry O, at 650 °C of (a) CePO, and (b)
Ce.08510.02PO4_s. Numbers refer to log;, of the frequency.

The capacitance was estimated according to [17]
C = Ql/anfn/n )

giving values of ~22 pF, typical of a bulk response. The much
lower resistance of the Sr-doped compositions was taken as the
intercept on the real, Z', axis of the impedance spectra
(Fig. 3(b)).

The temperature dependencies of conductivity for the
Ce,_,Sr,PO,_s series in oxidising conditions, shown in
Fig. 4, exhibit Arrhenius behaviour. Corresponding activa-
tion energies of conductivity of the title phases in various
conditions of temperature and atmosphere are listed in
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Fig. 4. Temperature dependence of conductivity of the Ce, _,Sr,PO,_; series in
wet (closed symbols) and dry (open symbols) O,. Total and bulk conductivities
are plotted for Sr-doped and doped compositions, respectively. Solid lines
represent data taken from ref. [7] for CePO, and Cegg9SrgoPO4_5 at
p0O,=0.01 atm and pH,O = 0.041 atm.
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Table 1

Activation energies (eV) of electrical conductivity for the Ce;_,Sr,PO,_; series in selected conditions of atmosphere and temperature

Ce,_,Sr,PO4_5 x Conditions

Dry O, 400-750 °C

Wet O, 450-650 °C

Wet H, 550-650 °C Wet H, 650-750 °C

0; bulk 0.57 0.53
0; total 0.56 0.49
0.01; bulk - 0.43
0.01; total 0.46 -
0.02; bulk - 0.44
0.02; total 0.44 -

0.85 0.77

0.86 0.80
0.78 0.59
0.76 0.58

Table 1. Neither Sr-doped nor undoped CePO, exhibited
significant grain-boundary or electrode responses (Fig. 3). In
the case of undoped CePO,, the delineable bulk conductivity
(Fig. 4) and corresponding activation energies are similar to
the corresponding values for the total conductivity. For each
composition, conductivities are comparable in wet and dry
O,; however, slightly higher values are observed in wet
conditions at lower temperature, most noticeably for x =0
and 0.01, in accordance with the data of Kitamura et al. [7]
collected in wetter conditions.

The data conform to the expectation of higher concentra-
tions of transport species with increasing acceptor-dopant
concentration: the highest conductivity observed in the
Ce;_,Sr,PO,4_s system is exhibited by x=0.02 in wet O,.
The conductivity increases from 3.38 x 107> S cm ™" at 600 °C
for the undoped composition to 3.48 x 107> Scm™! for
x=0.02. This increase in conductivity on doping CePO, is
of the same order of magnitude as reported previously for
1 mol% Sr-doped material [7]. The absolute conductivity
values of our study and the previous work (shown as solid lines
in Fig. 4) are not directly comparable due to the different pO,
levels taken for the Arrhenius plots in the two studies.
Notwithstanding, on considering the observed trends of higher
conductivity with increasing pO, and increasing dopant
concentration, we may expect higher conductivities in the
present study than the observed data. The discrepancies
between the two studies may result from differences in both the
synthesis conditions and morphologies of the samples. For
example, at such small dopant concentrations, slight deviations
in the stoichiometry or effects of porosity in our material are
likely to moderate the conductivity. Nonetheless, the value for
the E, of the Sr-doped phase of 0.44 eV in oxidising conditions
is equivalent (to within experimental error) to that reported
previously (0.43 eV). The E, of undoped CePO, in oxidising
conditions, 0.56 eV, is slightly higher than the doped material,
suggesting that the introduction of extrinsic defects alters the
conduction mechanism in comparison to the undoped phase. It
is likely that, in the latter, intrinsic defects arising from minor
impurities and slight deviations from the ideal stoichiometry
are of greatest influence on the transport behaviour.

The pO, dependence of total conductivity of composition
x = 0.02 in the range 10~ >° < p0O, < 107°7 is shown in Fig. 5.
The conductivity is approximately proportional to pO,*"'°
throughout the measured range below 800 °C, but at 800 °C a
lower pO, dependence is observed.

For the discussion of defect chemistry, we adopt the
approach of Kitamura et al. [7] in assuming that the defect
behaviour of CePQ, is similar to that of the better studied
LaPO, proton-conducting system [8,9]. In this case, substitu-
tion of Ce with lower valence Sr results in the formation of
oxygen vacancies, present as pyrophosphate ions at adjacent
orthophosphate ion sites [7,8]:

186:P20; = Stts, + 3(P207) 00, ©)

The oxygen vacancies may be charge compensated by electron
holes on oxidation, localized on Ce as Ce** ions [7,8]:

(P207)3p0, + 302 + 2Cef, < 2Ceg, + 2(PO4 ), (6)

The equilibrium constant of oxidation (Eq.(5)) is

[Cet ) [(POL)bo,)
K X = .o 7
° [(P207)5p04][Cet 2 (pO2) 2 (7

In a wet atmosphere, hydration of the pyrophosphate ions may
also take place to form mobile protonic defects, (HPO4)pO4‘:

(P207) 300, + H20 < 2(HPO )5, ®)
The equilibrium constant of hydration (Eq. (8)) is
. 2
HPO
KHydralion = [( 4)PO4} )

[(P2O7);;)o4] (pH20)
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Fig. 5. Oxygen partial pressure dependence of the total conductivity of
Ce.98510,02PO4_5 in oxidising conditions.
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At high humidities, hydration will be favoured, whereas at high
oxygen partial pressures oxidation will be favoured. One can
equate Egs. (7) and (9) to give

Kox _ (pH:0)[Cer )’ [(POs)5o]”

= —— (10)
Kuyaration [(HPO4)pqy] [Ceg] p0,'/?
The electroneutrality condition is
[(HPO4) o] + 2[(P207)3m, ] + [Cete] = [Stie] 0 (1)

When all vacancies are filled (either by hydration or by
oxidation), and assuming that under these conditions n-type
conductivity is negligible, Eq.(11) can be simplified as

[(HPO4)po,] + [Ceg] = [Sre] (12)

One also notes that both [(PO4)po,] > [(P207)p0,] and
[Cel.] > [Cec,| as the amount of Sr doping (and hence the
concentration of Ce**) in these compositions is small. One can
therefore state that [(PO4)pe,] and [Cef,] are almost constant.
Under these conditions and at approximately constant pH,O,
Eqgs.(10) and (12) can be combined to give

o 2
C
[ eCe} poé/2 (13)

Hence, p-type conductivity would be expected to exhibit a
power-law dependence of pO,"'""* when [St},,] > [Ce(,], but
this dependence would decrease with increasing Ce** concen-
tration. In the situation that Sr is completely charge compen-
sated by Ce**, no vacancies would be present, the p-type
conductivity will tend to a constant and no hydration would
be possible.

Moreover, one can note that rearrangement of Eq.(12) and
substitution of Ceg,] with [(HPO4);,O4] in Eq.(10) would give

[(HPOW), |

([Stce] = [(HPOL)po, )

Thus proton conductivity would be expected to exhibit a
dependence of pO,~""* when [Src./] > [(HPO4)po, °], i-e. when
the formation of Ce** is the predominant charge-compensation
mechanism; this negative dependence would decrease with
increasing levels of hydration.

The conductivity behaviour shown in Fig. 5, shows a
positive pO, power-law dependence of +1/10. From the
previous discussion one could, therefore, suggest the dom-
inance of p-type charge carriers, while evidence of mixed p-
type and proton transport is provided by the slightly higher
conductivity observed in wet with respect to dry oxidising
regimes with similar partial-pressure dependencies. We assume
in this argument that, in our studied temperature range, protons
are the principal mobile ionic species and that oxygen-vacancy
transport is relatively minor, as is the case in the isostructural
La(Sr)PO,4_; family [9]. Further work to systematically explore
the role of water vapour and oxygen partial pressure on the
transport properties in the acceptor-doped CePO, system is
warranted.

5 p0y/” (14)
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Fig. 6. Impedance spectrum of Ceg 9gSrg 0,PO,4_5in wet Hy at 700 °C. Numbers
refer to log;o of the frequency.

The resistance of CePO, in a reducing atmosphere of
10%H,:90%N, was too large to be accurately measurable by
the impedance analyser. Only an approximate estimate of the
bulk conductivity was made for temperatures of 700 °C and
above. The much higher conductivities of the Sr-doped phases,
over two orders of magnitude greater than CePO,, were
determined over a wider range of temperatures. A typical
impedance spectrum of Ce 9gSrg 02PO4_5 at 700 °C in wet H,
is shown in Fig. 6. The capacitance of the major element was
estimated (Eq. (4)) and again identified as that of the bulk
(~18 pF). The second, lower-frequency contribution with a
capacitance of ~1.6 x 107" F is most likely attributable to
grain-boundary phenomena; this response was more apparent in
reducing conditions in comparison to oxidising atmospheres.

Arrhenius plots of the bulk and total conductivities for
samples measured in wet H, are shown in Fig. 7; corresponding
activation energies are listed in Table 1; the lower conductivity
estimated in dry conditions for the Sr-substituted phases is also
shown. The activation energy of CeogSrg0oPO4_s in wet
conditions in the temperature range 500-650 °C is 0.76 eV.
There is a change to a lower activation energy regime around
~650 °C, which is consistent with the previously reported data
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-(}O 1 1 1 1 ]
0.9 1.0 11 1.2 13 14
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Fig. 7. Temperature dependence of the bulk (dashed line) and total (solid line)
conductivity of the Ce;_,SrxPO,_s series in wet and dry H,.
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Fig. 8. Thermogravimetry of Ceg 9gSrp 02PO4_s5 and SrCe( 9Ybg 103_s in flow-
ing CO,.

[7] collected with higher pH,0, ~0.4 atm. The slightly convex
plot is likely to result from the loss of protonic charge carriers
on dehydration at high temperature.

Although the Ce(Sr)PO,_; system apparently shows mixed
protonic—electronic conduction, the conductivity is rather low
for application in electrochemical devices, even in a thin-film
configuration, very likely due to the low solubility of Sr in the
CePOy parent phase.

3.3. Stability in CO,

The monazite family of minerals is rather stable, whereas the
Ba- and Sr-containing perovskite proton conductors suffer from
poor stability in CO, due to carbonate formation, which limits
the applicability of the perovskites as separator materials in
electrochemical cells [4,18]. The stability of Sr-doped CePO,
in a CO, atmosphere was assessed by TGA and compared to
that of the well-known, proton-conducting perovskite material,
SrCe(oYbg 105_s (Fig. 8). The monazite phase shows almost
no weight change on heating in a CO, atmosphere, whereas the
perovskite exhibits a large weight increase, as a result of
reaction with CO, and decomposition to SrCO; and the
remaining constituent oxides [4,18].

4. Conclusions

A solid-solution of Ce;_,Sr,PO4_5 (0 < x < 0.02) with the
monazite structure has been synthesized employing a nitrate-
decomposition reaction, and evaluated in terms of electrical
conductivity and stability in CO,. Impedance spectra collected in
wet and dry atmospheres of H, and O, are dominated by the bulk
response. Conductivity increases with increasing dopant con-
centration, pO, and pH,O. The transport behaviour is consistent
with previously reported mixed protonic—electronic conduction.
Analysis of data in the pO, range, 10722010797 atm, indicates
that hopping of electron holes (Ce**) is the dominant contribution
to electronic transport. The rather low solubility limit of Sr

(x ~ 0.02) limits the conductivity to values which are not yet
suitable for potential electrochemical applications such as
hydrogen-separation membranes. Nevertheless, the high stabi-
lity in CO, and low cost of the alkaline-earth doped CePO,
system indicates that CePO, is a promising host material for
adopting other doping strategies which may achieve this end.
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