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Abstract
A novel fluorite structure-based compound of Laz(Nb1.xYx)207-5 shows superior chemical stability, and

proton conduction.

Benefitting from the ability of directly converting chemical energy from fuels (typically react
with oxygen) into electricity, fuel cells possess several attractive advantages, including high energy
conversion efficiency and low emission. Currently, proton exchange membrane fuel cells (PEMFCs)
and solid oxide fuel cells (SOFCs) are the two representative types received commercialization, but
promotion of their further application faces several obstacles mainly from the difficulty in cost
reduction. For example, the PEMFCs use proton conductive polymer electrolyte weak in thermal
tolerance , and typically operate at low temperature around 80 °C. Such low operation temperature
causes problem on fuel flexibility and catalyst activity, demanding high pure hydrogen fuel * and
expensive platinum catalyst 2. In contrary, SOFCs do not have such problem due to their high operation
temperature (750 — 1000 °C), which is needed to generate sufficient oxide ion conductivity in their
ceramic-type electrolyte >4, but simultaneously, also introduces severe challenge on developing proper
structural materials.

Working at intermediate temperature range (400 — 700 °C), the fuel cells using proton-
conductive ceramic-type electrolyte, which are commonly named as protonic ceramic fuel cells

(PCFCs) °, provide an alternative solution. Presently, yttrium-doped barium cerate (Ba(Ce1xYx)Os-s,



BCY) and barium zirconate (Ba(Zr1xYx)O3-s, BZY) receive the most attention, due to their high proton
conductivity (> 0.01 Scm™ at 600 °C in moist atmosphere) 1. However, the component of alkaline
earth elements raises uncertainty on chemical stability. > BCY is known to be unstable against CO2 or
H,O 1315 BZY is generally regarded to be chemically stable, but recent work of Sazinas, et al. 16
revealed that in pure CO2 atmosphere the BZY on surface changed to BaO-deficient perovskite with
formation of BaCOs, and this might affect the long-term stability.

As a strategy to further improve the chemical stability, significant effort has been dedicated on
developing the electrolyte material free of the alkaline earth elements #1726, And special interest has
been focused on oxides containing lanthanum and niobium *2171° As far as we know, there are two
different composition systems exhibiting proton conduction. Shimura, et al, reported a fluorite-type
oxide of Sr-doped LasNbO7.5, which is a mixed conductor of protons, oxide ions and electrons,
showing the total conductivity around 1.2 x 10 Scm™ in wet hydrogen at 700 °C *’. And the oxide
ion conduction predominates in the temperature range of 600 - 1000 °C . Afterwards, Haugsrud and
Norby discovered a fergusonite-type oxide system of acceptor-doped LaNbO; 2. They found that the
proton conduction was optimized by substituting 1 at% lanthanum with calcium. And the total
conductivity is about 2.5 x 10 and 4.3 x 10" Scm™ at 600 and 700 °C, respectively, in moist hydrogen.
16 1n this work, we report a new oxide system with the composition of Laz(Nb1-xYx)207-5, in which

partial proton conduction was confirmed at the intermediate temperature range.



In addition to La>(Nb:1xYx)207-5, sSamples containing other elements including Sc, In, Nd, Sm,
Gd and Yb were also tried for preparation, but only La>(Nb1xYx)207-5 (x = 0.6, 0.65, 0.7) was found to
be of single phase after sintering at 1600 °C (see Table S1 and Fig. S1 in ESI). As shown in Fig. 1(a),
a cubic disordered fluorite structure can be identified for Laz(Nbo3Yo.7)207-5, since its diffraction
pattern matches well with that of a cubic fluorite oxide (CeO,, JCPDS # 00-034-0394). However, in
the XRD patterns of Lax(Nb1xYx)207-5 (x = 0.6, 0.65), some small diffraction peaks ascribed to the
feature of a cubic pyrochlore crystal structure appeared. The insects in Fig. 1(a) shows that peaks
appearing at around14.1 and 35.9 ° match the pyrochlore (331) diffraction peak (La2Zr.07, JCPDS #
01-070-5602). Since the pyrochlore structure is a fluorite-related structure with ordered arrangement
of cations 2?8, such results imply that with the Y content increasing from 0.6 and 0.65 to 0.7, the
cations possibly turn from an ordered arrangement to a disordered one. However, it is difficult to
perform reliable structure analysis by refining the Cu Ka diffraction patterns to determine some
structural parameters, such as site occupancy of Y and Nb, since the scattering factors of Y and Nb are
too close to be distinguished. Future work applying abnormal dispersion effect to collect XRD patterns
is expected. Notation of LaosNbo.15Y0.3502-5 might be more precise than the pyrochlore expression of
Laz(Nbo3Yo0.7)207-5, but for the sake of simplicity, we adopt Laz(Nbo3Y07)207-5 in this manuscript.
EMPA-WDS was used to determine the composition of the as-sintered samples, which were found to
agree with the nominal value (Table S2). And From Fig. 1(b), one can see that all these three samples

exhibit sufficient grain growth after sintering.



Hydration reaction given in Eq. 1 is a basic route to introduce protons, which are charge carriers
for the proton conduction, into oxide ceramics comprising diverse types of crystal structures. ” Here,
Vo', 06 and OHo are Kroger-Vink notation for oxide ion vacancies, lattice oxide ions and protons,
respectively, indicating that oxide ion vacancies are essential for such hydration process. From the
view point of defect chemistry, the concentration of oxide ion vacancies in Laz(Nb1xYx)207.5 can be
calculated by assuming pentavalent Nb cations ( NPxb ) being substituted by trivalent Y cations (Yll\'lb),
asgivenin Eq. 2. Oxide ion vacancies thereby form to keep electroneutrality. The overall concentration
of oxide vacancies is 1.2, 1.3, 1.4 per unit cell in the samples containing Y content of 0.6, 0.65, and
0.7, respectively. It has to be noted that there are two types of oxide ion vacancies in the pyrochlore-
type oxides, namely, intrinsic and extrinsic oxide ion vacancies. 2 The concentration of extrinsic oxide
ion vacancies (8) in La2(Nbo.4Y06)207-5 and Lax(Nbo.35Y0.65)207-5 is 0.2 and 0.3, respectively, while
their intrinsic oxide ion vacancies have the same concentration of 1. The existence of oxide ion
vacancies raises the possibility for hydration, which was also confirmed experimentally in this work.
Fig. 2(a) shows the proton concentration measured after hydrating the samples in wet Ar
(Pr,0 =0.031aM) One can see that the proton concentration changes little with the composition after
hydration at 600 °C, and decreased slightly with the increasing Y content after hydration at 300 °C.
However, roughly speaking, the proton concentration in all these three samples is around 0.07 and 0.04
after hydration at 300 and 600 °C, respectively. Furthermore, a clear phenomenon of chemical

expansion due to the hydration 123! was observed; that is, as shown in Fig. 2(b), all these three



samples have relatively larger lattice constants in wet atmosphere, which is especially apparent at the
temperature below 600 °C. Since the dry Ar atmosphere used in this work is not absolutely free of
water vapor, the samples get partially hydrated at lower temperature. The lattice constants thereby
measured deviate from the dashed lines extrapolated from the data in high temperature range (700 —
1000 °C). Following the extrapolated dashed lines, we were able to estimate the thermal expansion
coefficient (TEC) in dry atmosphere, which is 1.07, 1.01, and 1.04 x 10~ K'* for the samples with the
Y content of 0.6, 0.65, and 0.7, respectively. We also compared the lattice constants of the as-sintered
samples with those obtained by the HT-XRD measurements at 30 °C (Fig. S2). One can see that the
as-sintered samples have intermediate lattice constants, implying that the samples reported in this work
are sensitive to water vapor, and possibly partially hydrated even in ambient atmosphere.

H,O0+V; +07 =20H_ 1)

2Nb%, +Y,0, +20% = Nb,O, +2Y,, +2V. )
Then, electrical impedance spectroscopy was applied to measure the conductivities of the
samples, and all the spectra show only a single semicircle (an example is shown in Fig. S3), partially
due to the large grain size and good combination of the grain boundary which makes the contribution
of grain boundary resistance negligibly small. Here, the value of the low-frequency intersect was read
as the total resistance, and the conductivity thereby determined are plotted in Fig. 3. It can be seen that
regardless of the composition, the conductivities in moist atmosphere are obviously higher than those

in the dry one. And the conductivities further increase with the partial pressure of water vapor



elevating from 0.05 atm to 0.30 atm (information on activation energy and pre-exponential factor is
given in ESI). Such results indicate definitely the generation of proton conduction in moist
atmosphere.  Fig. 4 compares the total conductivity at 600 and 700 °C in wet atmosphere. |t js clear
that Lax(Nbo.3Y0.7)207-5 shows the highest conductivity, which is close to 1 mScm™ in the atmosphere
with high moisture ( Pn,0 = 0-30atm) 5t 700 °C.

EMF measurements were performed to evaluate transport numbers of different charge carriers
at 600 and 700 °C 3232 (see Fig. S6 for measured EMF values). From Fig. 5, one can see that the
apparent transport numbers of protons and oxide ions are dependent on composition, temperature and
also atmosphere. Among the materials studied in this work, Laz(Nbo3Y0.7)207.5 shows the highest
apparent transport numbers of ionic conduction (%,+ *t2-) and proton conduction (%), which are
about 0.88 and 0.65 at 600 °C, and 0.83 and 0.34 at 700 °C, respectively, in wet Hy. It has to be noted
that the effect of electrode polarization 3> 3* was not taken into consideration for compensation, so the
actual transport numbers should be a little higher than the apparent ones. However, it can be said that
La2(Nb1xYx)207-5 (x=0.6, 0.65, 0.7) is not pure ionic conductors neither in wet oxygen nor in hydrogen
atmosphere, but the transport properties can possibly be tuned by adopting proper doping strategy in
future.

As aforementioned, Lax(Nbi1xYx)207-5 is predicted to be chemically stable in CO>, since there is
no stable carbonates containing relevant elements of La, Nb or Y. To verify such prediction, the

La2(Nbo.3Y0.7)207-5 sample after sintering was crashed into powder, and taken for example to expose



to the Ar atmosphere containing 10 vol% CO- and 5 vol% H.0 at 500 -700 °C for 100 h.  As expected,
no second phase was detected (Fig. S7), indicating its quite excellent chemical stability.

In conclusion, a new ionic conductor of fluorite structure-based compound of Laz(Nbi-xYx)207-
5 (x = 0.6, 0.65, 0.7) was discovered and reported to show proton conduction and superior chemical
stability against CO2 and H20. Among a couple of samples studied in this work, La>(Nbo.3Y0.7)207-5
shows the highest electrical conductivity and transport number of ionic conduction. As shown in Fig.
6, its conductivity is comparable with or even higher than some of the state-of-the-art proton
conductors, including Ca-doped LaNbOs %2, Lase3W11701343 3/, Sr-doped LaPsO¢ %°. However,
La2(Nbo.3Y0.7)207-5 is not a pure proton conductor, and its conductivity is not sufficiently high.

Further work with the aim to improve the transport properties is anticipated.
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Fig. 1 (a) Powder XRD patterns of as-sintered La2(Nb1xYx)207-5 (X = 0.6, 0.65, 0.7) collected with a
monochromatic Cu Kag X-ray source in ambient environment. References of CeO. (JCPDS # 00-
034-0394) and La»Zr.O7 (JCPDS # 01-070-5602) are plotted to show the difference between the cubic
fluorite and cubic pyrochlore structures; that is, diffraction peaks of (331) and (311) raise in the XRD
patterns of the cubic pyrochlore structures. (b) Second electron (EPMA-SE) images of the fractured
cross-section of as-sintered La2(NbixYx)2075 (x = 0.6, 0.65, 0.7) samples. All the samples were
sintered at 1600 °C in pure oxygen for 24 h.
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Fig. 2 (a) Proton concentration in Laz(Nb1xYx)207-5 (x = 0.6, 0.65, 0.7) determined by measuring the
water content in the samples hydrated in Ar — 3.1% H>O at 300 and 600 °C with the Karl-Fischer
titration method. (b) Lattice constants of Lax(Nbi1xYx)207-s (x = 0.6, 0.65, 0.7) in dry and wet Ar
(pn,0 =0.031atm) determined by simulating the powder HT-XRD patterns collected between 30 —
1000 °C with cubic pyrochlore (Fd3m) and fluorite (Fm3m) models for Laz(Nb1-xYx)207- (x = 0.6,

0.65) and Laz(Nbo3Y0.7)207-5, respectively. The thermal expansion coefficient (adry ar) were determined
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Fig. 3 Arrhenius plots of total conductivities of Lax(Nb1xYx)207-5 (x = 0.6, 0.65, 0.7) in dry or wet Oz or H.  The partial pressure of water

vapor in the wet atmosphere was 0.05 or 0.30 atm by bubbling the gas through deionized water kept at 30 or 70 °C, respectively.
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Fig. 6 Total conductivities of La>(Nbo.3Y0.7)207-5 in wet Hz ( Puo = 0.05 or 0.3 atm) in comparison
with some representative state-of-the-art polycrystalline proton conductors, including BaZrooY 0103
[35], SrZro.95Y0.0503-5 [36], Las.eaW1.17013.43 [37], Laz(Zro.9Y0.1)207-5 [38], Ca-doped LaNbO4 [12], Sr-
doped LaP3Og [20]. Conductivities of BaZrogY0.203-5 , BaCeogY0.2035 and SrZrogYo.103-5 were

measured by the authors of this work, and are also plotted for comparison.
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