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ABSTRACT: We report the effect of donor-doped perovskite-
type BaCeO; on the chemical stability in CO, and boiling
H,O and electrical transport properties in various gas atmo-
spheres that include ambient air, N,, H,, and wet and dry
H,. Formation of perovskite-like BaCe; ,Nb,O34s and
BaCegy ,Zr,Nby ;0345 (x = 0.1; 0.2) was confirmed using
powder X-ray diffraction (XRD) and electron diffraction (ED).
The lattice constant was found to decrease with increasing Nb
in BaCe;_ Nb, O35, which is consistent with Shannon’s ionic
radius trend. Like BaCeO3, BaCe, _,Nb,O5. s was found to be
chemically unstable in 50% CO, at 700 °C, while Zr doping for
Ce improves the structural stability of BaCe; _,Nb,O3,5. AC
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impedance spectroscopy was used to estimate electrical conductivity, and it was found to vary with the atmospheric conditions
and showed mixed ionic and electronic conduction in H,-containing atmosphere. Arrhenius-like behavior was observed for
BaCepg_,Zr,Nbg ;055 at 400—700 °C, while Zr-free BaCe; ,Nb, O3 s exhibits non-Arrhenius behavior at the same temperature
range. Among the perovskite-type oxides investigated in the present work, BaCegZro;Nby ;0515 showed the highest bulk
electrical conductivity of 1.3 X 10 > S cm ™" in wet H, at 500 °C, which is comparable to CO, and H,O unstable high-temperature

Y-doped BaCeOj; proton conductors.

B INTRODUCTION

A large number of perovskite and related structure metal
oxides have been investigated as potential solid-state proton
conductors (SSPCs)'~” to replace organic polymer Nafion in
conventional proton exchange membrane fuel cells (PEMFCs).
Nafion conducts protons under fully hydrated conditions, and
the sulfonated framework assists the transport of protons.®
SSPCs exhibit several advantages over polymer Nafion, including
high proton conductivity under low humidity and chemical
stability at high temperatures, thus allowing substitution of ex-
pensive Pt electrocatalysts with cheap metal oxides. Well-known
Y-doped BaCe; ,Y,O; s (BCY) and B-site nonstoichiometric
double-perovskite-type BazCa, ,,Nb, Oy 5 (BCN) exhibit pro-
ton conductivitzr at elevated temperatures in H,O-containing
atmospheres.””*' The chemical doping mechanism in these oxides
could be expressed using Kroger—Vink notations as

(1)

v/ o X
Y203(S) ZYCe(S) + VO(S) + 300(5)

(2)

where Yl(;e(s), Caﬂ]lb(s), and O% ) represent the Y atom at the Ce
site, Ca atom at the Nb site, and oxygen atom at the regular oxygen

. /1] o x
2Ca0(s) ZCaNb(S> + 3VO(S) + ZOO(S)
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site, respectively. Generally, oxide-ion vacancy (Vg) is responsible
for the oxide-ion conduction at high temperatures, but under H,O
environment, these oxygen vacancies help in the hydration of
the structure,® which leads to the formation of mobile hydroxyl
protons (OHY), i.e., HyO(g) + V3(5) + Op(s) = 20H;y).

Our recent”* chemical stability tests of BaCe; _,In,O3_, (x =
0.1, 0-2); BaCe sGdo.15Pr0.05s03-5, BaCegsSmg. 150356, and
BaCeggsEug 1503 g under CO, and H,O showed the same
reaction products, BaCO3 and Ba(OH),, respectively. Attempts
have been made to improve the chemical stability of BCY
perovskites using Zr substitution for Ce, but the proton con-
ductivity decreases with increasing Zr content in BCY.*»**
Accordingly, there is a need for the development of new proton
conductors with improved stability and proton conductivity
for application in fuel cells. In the present work, we investigate
the changes in the electrical conductivity as a consequence of
doping pentavalent Nb** for Ce*" in BaCeOs. To the best of
our knowledge, the nominal composition of BaCeysNbgsO;
has been synthesized previously to determine its dielectric
properties.2

Received:  December 14, 2010
Published: June 21, 2011

dx.doi.org/10.1021/ic201008v | Inorg. Chem. 2011, 50, 6493-6499



Inorganic Chemistry

B EXPERIMENTAL SECTION

Synthesis and Structure of Nb, Nb+Zr-Codoped BaCeOs.
The perovskite oxides with nominal chemical formulas of BaCe; _ ,Nb, O35
and BaCegy ,Zr,Nby 031 (x = 0.1, 0.2) were prepared by solid-state
(ceramic) reactions using appropriate amounts of high-purity Ba(NO;),
(99+9%, Alfa Aesar), CeO, (99%, Fisher Scientific), Nb,Os (99.5%, Alfa
Aesar), and ZrO, (99.85%, Alfa Aesar) in air. These powders were mixed
using a ball mill (Pulverisette, Fritsch, Germany) for 6 h at 200 rpm using
zirconia balls and 2-propanol with an intermediate change in rotation
direction every hour to ensure proper mixing. The powders were then dried
and sintered in air at 900 °C for 12 h in a clean alumina crucible. The
resulting mixture was ball milled again for about 6 h and then pressed into
pellets (~1 cm diameter, ~2 cm thick) using isostatic pressure. The pressed
pellets were sintered at 1500 °C for 24 h in air. The pellets were then
ground into a powder for X-ray characterization (PXRD) using a Bruker
D8 powder X-ray diffractometer (Cu Ko, 40 kV; 40 mA) at room
temperature with a 20 step scan width of 0.02 and a counting time of 6 s.
The lattice constant was determined from the PXRD data by the least-
squares refinement method. Chemical stability was determined on the
powdered samples in N, + CO, (50:50) environment at 700 °C for
20 h and in boiling H,O for 24 h. The resultant products were examined
by PXRD and FTIR (NEXUS 470 FT-IR Spectrometer). For FTIR
measurements, the KBr powder was kept continuously at about 100 °C
in a vacuum oven. Electron paramagnetic resonance (EPR) spectra were
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Figure 1. PXRD of (a) BaCe(oNb, ;0314 and (b) BaCeysNbg 0346
prepared at 1500 °C in air.

recorded at 1300—3600 G and 108 K with a Bruker EMX10/12 instru-
ment equipped with a variable-temperature accessory and gaussmeter.

TEM and Electron Diffraction Studies. The transmission
electron microscopy (TEM) coupled with electron diffraction (ED) was
done on a FEI Tecnai F20 FEG-TEM (FEI, Eindhoven, The Netherlands)
equipped with a Gatan Imaging Filter and a Gatan 860 GIF 2001 CCD of
1024 X 1024 resolution for the as-prepared BaCe;_,Nb,O3.s and
BaCepy_,Zr,Nby ;035 Standard TEM was done at magnifications
between 8000 and 67000, and HRTEM was performed between
940 000 and 1 350 000. The ED was taken at a camera length of 400 mm,
and directly after taking each individual diffraction pattern of the sample,
it was exchanged by a reference sample of amorphous Au without
changing any settings on the microscope. The diffraction rings of this
amorphous gold were used to confirm a proper calibration in diffraction
mode of the equipment.

AC Impedance Characterization. Electrical conductivity mea-
surements using porous Pt electrodes were performed in air, wet N, wet
H,, and D,O-saturated N,. Pt paste (Heraeus Inc, LP A88-11S,
Germany) was applied using a paintbrush to both sides of the sintered
pellets and cured at 900 °C for 1 h in air to remove the organic binders.
Pt wires were attached to the surface of the pellet using a spring-loaded
contact, which served as a current collector. The cell was heated to the
desired temperature in the range of 300—700 °C using a Barnstead
tubular furnace (model 21100) and held at a constant temperature prior
to each measurement for a minimum of 2 h and a maximum of 48 h. AC
impedance spectroscopy (Solartron Electrochemical Impedance Spec-
troscopy; SI1260, 100 mV; 0.01—1 MHz) was used to determine the
conductivity. A two-probe electrochemical cell was employed for
electrical characterization. The conductivity of each sample was mea-
sured by subsequent heating and cooling cycles. Desired pH,O was
obtained by keeping the water at a selected temperature (24, 60, and
80 °C) and using N, as a carrier gas.

B RESULTS AND DISCUSSION

Phase Formation and Chemical Stability. PXRD and ED of
BaCe; ,Nb,O3.s and BaCeg_,Zr,Nbg ;O34 (Figures 1—4)
confirmed the formation of single-phase perovskite-type structure.
We could index all of the major diffraction lines based on a simple
cubic perovskite (ABO3) cell (BaCe;_,Nb,O;.4 a = 4.353(1) A

Figure 2. BaCeyoNbj ;0345 (a—c) and BaCeygNb,03.s (d—f) show the corresponding TEM and HRTEM images and selected area ED of the

sample prepared at 1500 °C in air.
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for x = 0.1; a = 4.335(1) A for x = 0.2; BaCegy_,Zr,Nby ;051
a=4338(1) A for x = 0.1; a = 4.321(1) A for x = 0.2). The
measured lattice parameter was found to be comparable to those
of the previously reported perovskite-like structure BaCeq sN-
bosOs (a = 4.293 A).*® Figures 5 and S1 (see Supporting
Information) show the chemical stability in N, + CO, (50:50)
and in boiling H,O of BaCegg_, Zr,Nby ;0545 and BaCe;_,
Nb, O34, respectively. We clearly observed that the BaCe;_,
Nb,O3.5 composition was unstable in CO, (Figure S1), while
BaCegg_,Zr,Nbg 031 compounds (Figure S) were found to
be robust against chemical reaction with CO, at elevated
temperatures. Figures 6 and S2 (see Supporting Information)
show the FTIR spectra of as-prepared and CO,- and H,O-
treated BaCe gZro1Nbg 10315 and BaCe(;Zr,Nbg O3, re-
spectively. As-prepared and CO,-treated samples showed a
similar FTIR spectrum. Furthermore, the carbonate peak, which
should appear at about 1700 cm ™', was not observed after CO,
treatment and supports the PXRD chemical stability data. For the
H,O-treated sample, the OH group peak at 3500—3300 cm ™'
has been observed (Figures 6 and S2 (see Supporting In-
formation)). We also made a similar type of observation for
our previously reported Ta-doped BCN,”® and other acceptor-
doped perovskite-type structures, including BaCesZrg3s-
Sco1Zn005s03_s,"* La-doped BCY,*® and SrsTa,0,,.>” The
presence of the OH signal in FTIR confirms that the investigated
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Figure 3. PXRD of (a) BaCe 5ZryNby ;03,5 and (b) BaCey,Zry,N-
bo.1O3+s prepared at 1500 °C in air.

materials absorb protons, and its occupation site in the crystal
structure is not known to us presently. It is also important to
mention that Zr doping in BaCe; ,Y,0; s (BCY) also im-
proved the chemical stability in CO, and H,O, which may be
attributed to the difference in the bond strength between Zr—O
and Ce—O.

Electronic Structure of Ce in Investigated Perovskites.
Electron paramagnetic resonance (EPR) spectra of BaCe;
Nb,O5.s and BaCepy_,Zr,Nby ;0515 were investigated to
probe the nature of the electronic state in the perovskites. Very
interestingly, we observed six EPR signals for all the investigated
compounds (Figure 7). The EPR signals at g = 1.964 and 1.946
(indicated as € and @) appear to be characteristic of Ce®* ions
since a similar spectra was reported for reduced CeO,_s.>**" We
synthesized and investigated the perovskite-type metal oxides at
an elevated temperature of 1500 °C in air, which could trigger the
reduction process of Ce** to Ce** due to the loss of oxygen in the
structure. In addition, the signals with factors g = 2.072, 2.042, and
2.003 indicated as f3, y, and O, respectively, are similar to those
assigned to oxide-ion species bounded to Ce*" ions.”** The most
interesting feature is the presence of the half-field transition signal
with g = 4203 (indicated as o), which has also been reported
for K- and Pb-doped Ba; ,K,BiO3 and BanyBil,yO;O’ ! and
ascribed to oxygen ions with different effective charges.

Electrical Conductivity. Figure 8 shows the typical AC impedance
plots of BaCe gZro 1Nbg ; O3+ and BaCey ;Zr ,Nbg 10345 in a
variety of atmospheres at 600 °C. Comparable data plots were
observed for BaCey 9Nby ;O35 and BaCey gNby,O5. 5 over the
investigated range of temperature (Figure S3, see Supporting
Information). The impedance plots could be described by using
an equivalent circuit consisting of the elements (Ry,) (Rgp, CPEg,)
(R4CPE,), where Ry, Ry, CPEg, and CPE, represent bulk
resistance, grain-boundary resistance, constant phase element
due to grain boundary, and constant phase element due to
electrode, respectively (Figure 8a). The grain-boundary and
electrode CPE values were found to be on the order of 10~°
and 107*—107* F at 600 °C, in air, wet H,, wet N,, and N,
saturated with D,0O, respectively. These values fall in the range
reported for similar phenomenon in polycrystalline ceramics.>>>>
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Figure 4. BaCe(gZro ;Nby ;034 (a—c) and BaCey;Zry,Nbg ;O35 (d—f) show the corresponding TEM and HRTEM images and selected area ED

of the sample prepared at 1500 °C in air.
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Figure 5. PXRD of BaCegZr, ;Nby ;O34 after being treated (a) with
N, + CO, (50:50) at 700 °C for 20 h and (b) boiling H,O for 24 h;
(c and d) corresponding data for BaCey;Zro,Nbg;O03.5.
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Figure 6. FTIR spectra of BaCegZro ;Nby ;O3.: (a) as prepared at
1500 °C in air, (b) N, + CO, (50:50) at 700 °C for 20 h, and (c) boiling
H,O treated sample for 24 h.

We have consistently taken the high-frequency intercept as a bulk
(Rp) and the intermediate frequency intercept as being equal to
the sum of the total (R;, + Ry,) to calculate the total conductivity
of the investigated perovskites.

Figure 9 shows the plot of log;o 0 vs 1000/ T for the total and
bulk electrical conductivity of BaCe(gZry;Nbg ;0345 and Ba-
Ceg7Zro,Nbg 10544 in air, humidified N,, and H,. Figure S4
(see Supporting Information) shows the corresponding data
for BaCe( 9Nb, ;O35 and BaCey gNby,03. 5 in air and wet N,.
In wet N, and wet H, (3% H,O), a higher bulk and total
conductivity was observed compared to air over the investigated
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Figure 7. EPR spectra reordered at 108 K for as-prepared (a) Ba-
CeooNbg 0326, (b) BaCeg sNbg 0314, (C) BaCeg.sZro.1Nbg 10314,
and (d) BaCeg;Zry,Nbg ;O35 The symbols represent EPR signals
with factor g values.

temperature range for Zr+Nb-codoped samples. It is also noted
that the bulk and total conductivity in all the investigated
atmospheres decreases with increasing Nb in BaCeOj; (Figure
S4, see Supporting Information) and also due to Zr doping
(Figure 9). For comparison, the electrical conductivity of the
parent compound BaCeO; in air, wet N,, and wet H, was
measured (Figure 9), which clearly shows that the Nb+Zr-co-
doped BaCe(Zr,Nbg 10544 has a high total electrical con-
ductivity. The electrical conductivity data in air and 3% H,O +
N, at 600 °C was found to be the same within experimental error
for both BaCe( oNby ;055 and BaCey gNbj,03.+ 5 and demon-
strates that the humidity do not appear to impact the conductiv-
ity in the donor-doped perovskites (Figure S3, see Supporting
Information). This can be attributed due to Nb substitution for
Ce, which may result in filling of potential oxygen vacancies
available for hydration. However, Zr+Nb-codoped samples
showed the opposite trend, suggesting that Zr substitution for
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Figure 8. Typical AC impedance plots at 600 °C for (a) BaCe( gZr, ;N-
bo.103.+5 and (b) BaCe;Zry>Nby 0345 under various atmospheres.
The line passing through the data points represents the simulated data
using an equivalent circuit consisting of the circuit elements (Ry)
(RgbCPEy,) (R CPE,) where Ry, Ry, CPEg,, and CPE, represent the
bulk resistance, grain-boundary resistance, constant phase element
due to grain boundary, and constant phase element due to electrode,
respectively.

Ce in BaCe; ,Nb,O;s promotes hydration in the structure
(Figure 9) and may suppress the electronic conductivity, espe-
cially at low temperatures, due to the presence of Ce®" in the
investigated perovskites, which is confirmed by EPR data
(Figure 7).

The activation energy for electrical conduction was calculated
by fitting the electrical conductivity data to the Arrhenius
equation. For our best material BaCeggZroNby 0315, we
clearly see Arrhenius behavior over the investigated range of
400—700 °C. The activation energy for the bulk conduction was
found to be 0.69—0.73 and 1 eV for the total (bulk + grain
boundary) conductivity in wet H, and wet N, and was found
to be comparable to that of several proton conducting metal
oxides”?"*~* such as Sr,Ga; ;0Nbg90Os_s, 0.81 eV, Ba, 75K, 55
CaNb,Oy_g, 1 €V,*' Sr;CaZrysTa; sOg75, 0.85 €V,*® and Fe-
doped KTaOs, 0.88 e¢V.** The compounds with a nominal
composition of BaCe; ,Nb,Os.s (x = 0.1, 0.2) displayed some
non-Arrhenius behavior for the bulk conductivity at high temperature;
however, Arrhenius-like behavior was observed for total conductivity
(Figure S4, Supporting Information). This result strongly suggests
that the bulk conduction mechanism involves a certain degree of a
thermal-assisted mechanism. A direct consequence of this motion
would be a change in the conduction mechanism at elevated
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Figure 9. Arrhenius plots for bulk and total (bulk + grain-boundary)
electrical conductivity of BaCe(gZroNby ;0345 and BaCe,Zr,,N-
bo.103.6 in air, wet N, and wet H,. For comparison, total conductivity
of the parent compound BaCeOy3 is also measured.
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Figure 10. Open-circuit voltage measurements performed over time at
different temperatures using the following electrochemical cell: (—) H, +
3% H,O0, Pt|BaCey §Zro1Nbg03.45|Pt, air (+).

temperatures, which may also result in lowering the electrical con-
ductivity due to the disorder at various interstitial sites.

In the literature,>*** the elementary reactions under-
lying the mobility of protonic defects have been investigated
experimentally** as well as by molecular dynamics (MD) simula-
tions,*> which indicate the possibility of a rotational diffusion
transport mechanism for the protonic defect and proton transfer
toward a neighboring oxide ion. In this process, the proton shows
long-range diffusion whereas the oxygen atoms of the octahedral
reside on their lattice positions.*> The rotational diffusion mecha-
nism for the proton transport is fast with low activation energy
barriers, suggesting that the proton transfer reaction appears to be a
rate-limiting step in the perovskites.

The origin of proton conduction in high-temperature accep-
tor-doped perovskites has been investigated by many authors,
who established that the conduction occurs by means of inter-
action of oxide-ion vacancies and water vapor.>®***” In the
present case, the increase in the electrical resistance under N, +
D,O (Figure 8) may confirm that the charge carriers appear to
be “protons” in the investigated perovskites. To further confirm
the potential ionic (proton) conduction in these donor-doped
BaCeO3, the potential of our best chemical composition of
BaCe gZr Nbg ;055 was used to build a membrane—electrode
assembly (MEA). The electromotive force (EMF) of the H, +3%
H,O and air cell was measured as a function of temperature. The
MEA was prepared by attaching the Pt wires to porous Pt
electrodes on both sides of the pellet. Interestingly, EMF measure-
ments (Figure 10) showed an open-circuit voltage (OCV) of
0.66 V at 400 °C. However, the magnitude of OCV was quite low
compared to the theoretical value for water formation, suggesting
mixed conduction. It is also important to mention that the Haile
group reported proton conduction in oxygen excess perovskites.**

Bl CONCLUSIONS

In summary, the present work showed that the perovskite-type
BaCe;_,Nb,O34 and BaCeyg_,Zr,Nby ;03,4 can be synthe-
sized using conventional solid-state reactions at elevated tem-
peratures in air. Formation of a single-phase structure was
confirmed using powder X-ray diffraction (PXRD) and electron
diffraction (ED). The lattice constant was found to decrease with
increasing Nb content in BaCe;_,Nb,O3,5. BaCegNbj ;034
and BaCegNby,0345 were found to be chemically unstable
against the reaction with CO, at elevated temperatures, while

partial Zr substitution for Ce was found to be stable in CO,. The
electrical conductivity of the investigated perovskites showed a
mixed ionic and electronic conduction and a significant increase
in electrical conduction in H,-containing atmosphere. Among
the compounds investigated, BaCeg gZr ;1 Nbg ;035 showed the
highest bulk electrical conductivity of 1.3 x 107> S cm™ ' and
total (bulk + grain-boundary) conductivity of 5.6 x 10 *S cm ™"
under wet H, at 500 °C, which is comparable to chemically
unstable acceptor-doped BaCeO; and other perovskite-type
proton conductors.
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