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Powder Neutron Diffraction Studies of Proton-doped and
Deuteron-doped BaCe0_9Y0.102_95:
Nuclear Density Map of Hydrogen from Differential Fourier Analysis
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Powder neutron diffraction data have been collected on both the proton-doped and deuteron-
doped BaCep.9Y0.102.95 at room temperature to obtain the nuclear density maps by the differ-
ential Fourier synthesis method. In the nuclear density maps, weak negative peaks assigned to
hydrogen nuclei were recognized near oxygen atoms as if the proton makes the hydrogen bond

with oxygen ion.

This result consists with the infrared transmission study which shows the

existence of the hydroxyl (O-H bond) in the perovskite-type oxide.
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Introduction

§1.

Some ABOj perovskite-type oxides (A2t = Sr, Ba,
Ca and B**+ = Ce, Zr) exhibit proton conduction at high
temperature when acceptor ions are heavily doped in the
B-atom site.!) These materials are of special interest be-
cause of their potential applications as a solid electrolyte
used in fuel cells.?) The proton conduction mechanism
for the perovskite-type oxide have not been fully under-
stand yet. It has serious problem that the proton site
in these oxides is not exactly known. One cannot dis-
cuss how the proton migrates in crystals without know-
ing where the proton exists.

Neutron diffraction has proved a valuable tool for the
structural characterization of both doped and undoped
ABOj3 oxides.?®) The superior light atom sensitivity of
neutrons over X-rays have been allowed the location of
the extrinsic oxygen vacancy.?) In the case of proton
conductors this light atom sensitivity is extended to the
proton itself, and neutron diffraction measurements are
a vital tool in the structural location of the hydrogen
atoms in solids.

Sata et al.®) performed neutron diffraction measure-
ment using single crystals of HT-doped and D*-doped
SrTip.985¢0.0203, and reported that the proton was
determined to be in the site between the O-O ions
which consist of an oxygen octahedron, as if it forms
the hydrogen bond. As the proton concentration for
SrTig.985¢0.0203 is lower than 2 mol%, this structural
site is only proposed and additional work will be required
for confirmation.

Among the ABOj3 perovskite-type oxides,
BaCeg.9Y0,102.95 [abbreviated as BCY10] shows the
highest proton concentration as 8.4 mol%.”)

In the present study, we have performed the powder
neutron diffraction measurements on H*-doped and D*-
doped BCY10 and analyzed by the differential Fourier
synthesis method to obtain the proton density maps in
the crystal lattice. The change in sign of the scattering
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length on substituting deuterium (b = 6.672 fm) for pro-
tium (b = -3.739 fm)® allows more sensitive study on
the site determination for the hydrogen atoms.

§2.

BCY10 samples were prepared by solid state reaction
of BaCO3, CeOy and Y503 in the correct ratio. The
powders were intimately mixed and given an initial firing
at 1000 °C in air for 20 h before being milled and re-fired
at 1400 °C for 10 h to produce a sample suitable for
powder neutron diffraction. Before hydrogenation, the
samples were pulverized to <200 mesh. Subsequently,
they were loaded with H or D* by annealing at 300 ~
500 °C in H2O or DO vapor which was saturated at a
temperature above 90 °C.

Powder neutron diffraction experiments were carried
out using approximately 3 cm?® of powder loaded into an
10 mm diameter cylindrical vanadium can on the high
efficiency powder diffractometer (HERMES) at JRR-
3M reactor of Japan Atomic Energy Research Institute,
Tokai. The neutron wave length was 0.18196 nm and the
diffraction patterns were recorded over the angular range
10° < 26 <104° in a step of 0.1°.

§3.

Analysis of X-ray and neutron diffraction patterns
from the BCY10 have confirmed that the data is consis-
tent with the space group of orthorhombic Pnma* with
lattice constants a = 0.6215 nm, b = 0.8759 nm and ¢ =
0.6235 nm as proposed by Knight and Bonanos.?) Table I
shows the result of our Rietveld refinements for BaCeOs5.
Crystal structure of BaCeOj is shown in Fig. 1.

Neutron diffraction patterns obtained from the
BaCeO3, the H*-doped BCY10 and the D%-doped

Experimental

Results and Discussion

* Knight and Bonanos®) used an alternative setting of the scape
group, Pnem, with lattice constants a = 0.8759 nm. b =0.6235 nm
and ¢ = 0.6215 nm. Crystallographically Pnma is equivalent to
Pmen if the axes setting is reversed.
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Tablel. Structural parameters of BaCeOg3
Element z y z Biso (A2)
Ba 0.18(1) 0.25 -0.00(2) 0.6(1)
Ce 0.0 0.5 0.0 0.7(1)
O1 0.486 0.25 0.075 0.6(2)
02 0.2775(9) 0.00391(6) 0.7239(9) 1.1(1)

Rp =5.00,Rwp =T7.00,Rgp = 3.61,5 = 1.9413
o o
@ Ce*

@ BaZ+

c

Fig.1. O1 is crossed, O2 is un-

Crystal structure of BaCeO3:
crossed.

BCY10 samples are shown in Figs. 2-4, respectively.
It will be seen from these figures that the intensity
of diffraction lines for the non-doped sample changes
slightly by the doping and the background intensity for
the proton-doped sample increases by the doping due
to the large incoherent cross-section of protium to ther-
mal neutrons. The exact proton concentration in the
doped sample has not been determined, however the
background intensity is used to prove the presence of
hydrogen in the doped sample and its absence in the
undoped oxide.

Since the concentration of hydrogen ions in the doped
samples is low, we performed the difference Fourier anal-
ysis to obtain the nuclear density map for the hydrogen
ions. In the Fourier synthesis to obtain the nuclear den-
sity distribution in unit cell, we used the expression for
the Pnma symmetry given in the International Table of
X-ray crystallography.?) The structure factor difference
for the hkl reflection between hydrogen and deuterium
is evaluated by the relation,

AF(hkl) = frr(hkl) — fp(hkl) = Fi(hkl) — Fp(hkl),
(3.1)
where Fyy (hkl) and Fp(hkl) are the structure factors for
the HT-doped and D*-doped BCY 10, respectively.

In order to calculate the nuclear density map from the
Fourier analysis method, one must determine the signs
of f(hkl) for each reflection since the neutron diffraction
measurement gives only the absolute value of the struc-
ture factor. In the present analysis the sign of f(hkl) is

18000

16000 -
14000—:
12000:{
10000
8000

6000

Intensity / counts

4000

2000

|| L

0 ; LA A
0 20 40

T T T T
60 80 100 120 140 160
20/°

Fig.2. Powder neutron diffraction pattern for BaCeOj3.
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Fig.3. Powder neutron diffraction pattern for H* doped
BaCe.9Y0.102.95.

18000
16000
14000
12000

10000

8000
6000
4000
2000
— T T
20 40

0
0

Intensity / counts

T T
60 80 100 120 140 160
20/°

Fig.4. Powder neutron diffraction pattern for D doped
BaCe0.9Y0.102.95.

assumed to be opposite to the sign of f,(hkl). which are
calculated using the structural parameters listed in Table
I, because the sign of scattering length for protium is op-
posite to those for oxygen and deuterium and the hydro-
gen atoms in the proton conducting oxides may situate
near the oxygen atoms forming the O-H bond as reported
by Sata et al.®) and Yugami et al.'®) It is supposed, how-
ever, that the sign of f(hkl) turns in some cases if the
calculated f,(hkl). is nearly zero. But the contribution
of this effect is very small, because the f(hkl) at this sit-
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uation is very small. For the case of the overlapped re-
flection, each f(hkl) is evaluated by the assumption that
each f(hkl) is proportional to the respective f,(hkl)..

Under these assumptions described above, we per-
formed the Fourier synthesis. Figure 5 shows the nu-
clear density maps projected on X-Z plane. Inspection of
these maps shows that weak negative peaks are appeared
close to oxygen O2 sites and outside the CeOg octahe-
dra. As stated earlier, protium has a negative scattering
length and hence these positions will be ascribed to hy-
drogen. This result consists with the infrared transmis-
sion study'®) which shows the existence of the hydroxyl
(O-H bond) in the perovskite-type oxides.

Further work is required to locate the structural site
of the protons in the proton conducting oxide. Neutron
diffraction study at low temperatures will provide the
possibility to determine the proton sites since thermal
vibrations and proton diffusion, which cause the reduc-
tion of diffraction intensity, would freeze out at very low
temperatures.

§4. Conclusion

Powder neutron diffraction data are collected on
both the proton-doped and the deuteron doped
BaCey.9Y0.104.95 at room temperature to obtain the nu-
clear density maps by the differential Fourier synthesis
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Nuclear density map for hydrogen for BaCep.9Y0.102.95 projected on X-Z plane.

method. In the nuclear density maps, weak negative
peaks assigned to hydrogen nuclei are recognized near
oxygen O2 site as if the proton makes the hydrogen bond
with oxygen ion. Further work is required to locate the
proton site in the proton conducting oxides.
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