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The isotopic method has been used to measure the concentration of hydrogen in as-prepared (Ba, 
Sr)CeOj and (Ca, Sr, Ba)TiO, samples. Hydrogen concentrations in the range 0.007 to 0.04 of H per 
formula unit have been detected for undoped samples, and even more for doped specimens. The 
influence of cation composition, dopant number density, and preparation method is analyzed. Thermal 
desorption studies and comparison of hydrogen and oxygen mobilities have been utilized to analyze 
the state of the dissolved hydrogen. 0 1992 Academic PIW, IN. 

Introduction D,O, and P = lo5 Pa for 0,) at t = 900°C 
(3). 

Hydrogen is known to dissolve in perov- 
skites under heating in hydrogen-containing 
atmosphere. After heating SrCeo3 
Yb,,,,O,-, samples in D20 and O2 
atmospheres at pressures of P = 670-4700 
Pa and 270 Pa, respectively, and in the tem- 
perature range 700~800°C deuterium was 
proved to be present by use of secondary ion 
mass spectrometry (1). Thermal desorption 
analysis led to be the same conclusion after 
the treatment in the argon-water vapor flow 
(2). In the first case the deuterium concen- 
tration was equal to 0.01-0.05 mole per mole 
of the solvent: these values increased with 
partial D,O pressure and with a decrease in 
temperature. In the second case the deute- 
rium concentration was found to be of the 
order of 0.02 mole 

Experimental Technique 

We studied cerate and titanate samples 
prepared by induction melting in cold cruci- 
ble, by cation coprecipitation by solid state 
reaction, and by the Verneuil method. 

The hydrogen concentration was mea- 
sured by isotopic equilibration of the sample 
with a preestablished amount of gaseous 
deuterium. The experimental setup con- 
sisted of a quartz reactor with a volume of 
100 cm3, attached to a mass-spectrometer, 
and equipment for evacuation, gas injection, 
for temperature control, and monitoring the 
pressure. Isotopic exchange of hydrogen 
with titanates and cerates occurred at t = 
750°C. 

Thermal desorption analysis also was The sensitivity of the isotopic method was 
used to document the dissolution of hydro- of the order of lOI8 hydrogen atoms. The 
gen in both undoped and acceptor-doped experimental error of measuring the atomic 
BaTiO, samples, when heated in D,O and fraction of deuterium depends on the isoto- 
0, atmospheres (P = 5 * 102-2 x lo4 Pa for pic composition (C) and may be approxi- 
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O ollld.31 
FIG. 1. Hydrogen concentration [HI, moles of atoms 

per mole of oxide, as a function of the dopant concen- 
tration [Y], moles of atoms per mole of oxide in 
BaCe,_,Y,03_8: 0 ceramics, prepared by cation pre- 
cipitation from solution; 0 ceramics after thermal treat- 
ment in vaccum. n induction melting; and in 
SrCe,,92Dy,-,080,_,: A ceramics, n ceramics after treat- 
ment in vacuum. 

mated by the function O.O4C(l - C). Hydro- 
gen dissolved in quartz, vacuum joints, and 
adsorbed water gives rise to a systematic 
error; therefore, an isotopic exchange with 
an empty reactor preceded each mea- 
surement. 

Results and Discussion 

The main results are presented in Fig. 1 
and are also tabulated in Table I. Hydrogen 
was detected in all as-prepared samples. Its 
concentration was calculated according to 
the relation 

Q, = Q&G - WCC; 

where Q, and Qg are the numbers of moles 
of hydrogen in the sample and in the gas, 
respectively; C, is the atomic fraction of 
deuterium at the beginning; C,, CL are the 
same values at equilibrium with and without 
the sample. We believe C, in the gas and in 
the sample to be equal; for, at t = 750°C the 
separation coefficient is nearly unity (4). 

We have found that the content of hydro- 
gen is affected by the cation composition, 

dopant number density, method of prepara- 
tion, and the subsequent treatment. 

1. High valent ions (Ti, Ce) affect hydro- 
gen concentration to a greater degree than 
alkali-earth ions do. As follows from Table 
I, (see no. 3,7,8,9) the hydrogen concentra- 
tion in barium cerate exeeds that of stron- 
tium, barium, and calcium titanate. 

2. The hydrogen concentration-dopant 
number density relationship was investi- 
gated for BaCe, _,,Y,,O,-, samples doped 
with Y in the rangey = O-0.3. The hydrogen 
concentration [H] increased linearly with 
Yttrium density [Y], though [H] # 0 at 
[Y] = 0, because hydrogen can dissolve in 
undoped barium cerate as well; see Fig. 1. 

3. The hydrogen concentration depends 
on the conditions of the synthesis. Induc- 
tion-melted samples were poorer in hydro- 
gen than Verneuil-grown (numbers 6 and 7 
in the table) or those prepared by cation 
coprecipitation (numbers 2 and 4). 

It is well known, (see, e.g., (3)), that 
perovskites can incorporate hydrogen de- 
fects according to the reaction 

H,O(,, + Vi. + O. = 20H’, 

where Vi., O. and OH’ represent the oxygen 
vacancy, oxygen lattice site, and hydroxide 
ion, respectively. Formation of oxygen va- 
cancies may be caused either by doping of 
barium cerate with Y, or by Ti3+ and Ce3+ 
ions in undoped samples (5); hence, the dif- 
ference in the solubility of hydrogen in un- 
doped barium titanate and barium cerate is 
presumably related to the difference in Ti3 l 
and Ce3+ densities. The linear [HI-[Y] rela- 
tionship leads to the conclusion that most of 
the vacancies are filled with OH’ ions. 

Measurements of mobility of hydrogen 
and oxygen in BaCeO, , along with thermal 
desorption studies of titanates and cerates, 
provide information on the state of the dis- 
solved hydrogen atoms. A subsequent ex- 
change of the sample with hydrogen and 
oxygen (see Ref. (6) for more details) pro- 
vides the following values of the diffusion 
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TABLE I 

THE HYDROGEN CONTENT IN PEROVSKITES 

Synthesis 
temperature Mass spectra of 

Compound NN Synthesis (“C) evolved gases H at % 

BaCet-,Y,03-, 1 cation coprecipitation 1450 H, = HzO;NO = NO2 4 * 1;y = 0.0 
2 from solution H, < HzO; NO < NOI 22 2 2; y = 0.2 
3 induction 2147 H, = H,O; CO > CO2 4 +- 1; y = 0.0 
4 melting HI = H,O; CO > CO1 8 2 2; y = 0.2 

SrCeo.92Dyo.o@-~ 5 ceram. synth. 1200 H2 i= HzO; CO = CO* 14 * 2 

SrTiO, 6 Verne1 method 2031 H,; CO 2.6 + 0.3 
7 induc. melting 2037 Hz + H20; CO > CO2 1.0 + 0.2 

h.gsSro.ozTlO3 8 induc. melting 1617 H2 s H,O; CO > CO1 0.7 -r- 0.3 

CaTiO, 9 induc. melting 1967 Hz > H,O; CO > CO2 0.8 +- 0.2 

coefficients: D, = (3.8 * 0.1) x lo-’ cm2 
set-‘, Do = (4.2 + 0.7) x 10d9 cm2 set-’ 
at 650°C. The large difference of D,, and D, , 
of two orders of magnitude, suggests that 
hydrogen transport occurs independently of 
oxygen ions and is governed by a mecha- 
nism that is characterized by a higher mobil- 
ity. The diffusion coefficient of hydrogen 
in SrCe,,Dy,,,O,_, was found to be 
(2 2 0.1) x lo-’ cm2 set-‘, consistent with 
the proton conductivity measurements in 
barium and strontium cerates (7-12). The 
conclusion that oxygen is bound to the lat- 
tice more tightly than hydrogen is also sup- 
ported by thermal desorption analysis. Ti- 
tanates and undoped barium cerate generate 
mainly hydrogen molecules. The H, partial 
pressure-to-H,0 partial pressure ratio is 
specified in Table I. 

Conclusion 

Hydrogen defects can penetrate into both 
doped and undoped perovskites from the 
ambient atmosphere at the temperature of 
synthesis. We have assumed that when one 
H,O molecule dissolves, one oxygen va- 

cancy is filled and two hydroxide ions oc- 
cupy oxygen sites. The dissolved hydrogen 
concentration is strongly influenced by cat- 
ion composition, dopant density, and 
method of preparation. Hydrogen bonding 
with the lattice is weaker than that of oxy- 
gen; therefore, it migrates through the crys- 
tal as a separate proton, not as a hydroxide 
ion. Under desorption this hydrogen is re- 
leased in molecular form. 
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