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a b s t r a c t
The atomic mass ratio of ca. 2 between deuterium and hydrogen is the highest for any pair of stable isotopes and
results in signiﬁcant and measurable H/D isotope effects in high temperature proton conductors containing these
species. This paper discusses H/D isotope effects manifested in O–H/O–D vibration frequencies, the mobility of
H+/D+ carriers, the kinetics of the electrochemical oxidation of H2/D2, the solubilities of H2O/D2O and, ﬁnally,
the spontaneous electromotive force that appears across H2/D2 cells with proton conducting electrolytes. Comparable work on tritium-exchanged materials is also discussed. The results highlight the usefulness of isotope effects in the study of high temperature proton conductors.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction: hydrogen and deuterium
The masses of hydrogen, deuterium and tritium are in the ratio 1/2/
3, the largest for any set of isotopes.† Deuterium is stable, while tritium
decays to 3He with a half-life of 12.3 years releasing an electron. The
mass difference does not noticeably affect the electronic structure of
compounds formed by these species, but does affect their vibrational
frequencies in the infra-red, and also the vibrational entropy of the compounds. As a result, the physical and chemical properties are affected,
exempliﬁed by the slightly higher vapour pressure of H2O compared
to D2O‡ and a difference in the ionisation constants of the liquids [1].
Isotopic substitution also affects the length of hydrogen bonds [2]. The
difference in Gibbs free energy of the reaction 2H2 + O2 ⇆ 2H2O and
the corresponding one for D2 and D2O is noticeable in an electrochemical cell. For example, the theoretical electromotive force (emf) of a cell
with D2/D2O (1%) vs. H2/H2O (1%) with an oxide ion conducting solid
electrolyte can be calculated from thermodynamic data [3], in the
temperature range 800 to 1200 K, resulting in Eq. (1):
E ¼ −30:55 þ 0:0128  T

ð1Þ

where E is in mV and T in K. For the temperature range considered, the
D2/D2O side is negative.

†
‡

E-mail address: nibo@dtu.dk (N. Bonanos).
The masses of H, D, and T are 1.007825, 2.013553, and 3.01605 amu respectively.
For example, at 10 °C, the vapour pressure of H2O is 20% higher than that of D2O.

In high temperature proton conductors (HTPCs), the hydrogen
species exist primarily as OH• (Kröger–Vink notation) occupying oxide
ion sites [4–6]. The hydrogen in the OH• species is derived from water
vapour via reaction Eq. (2). This reaction depends on the presence of
oxide ion vacancies, which are usually introduced by doping with an
element of lower valence. When the oxide is fully protonated, the OH•
concentration is determined by the doping level.






H2 O ðgÞ þ VO þ OO ⇆ 2 OHO :

ð2Þ

A mechanism for proton incorporation that does not rely on water
vapour is reaction (3) [7–9]. However, as it involves the creation of
electronic defects, it is less favourable energetically. As demonstrated
by a defect modelling study [10], reactions (2) and (3) are not mutually
exclusive.




0

H2 ðgÞ þ 2 OO ⇆2 OHO þ 2 e :

ð3Þ

Isotope effects are the changes in the physical or chemical properties
resulting from isotopic substitution. HTPCs offer several illustrations of
such effects, including changes in the concentration and ionic mobility
of the protons and in the electrode kinetics of hydrogen oxidation.
This work draws these effects together in the hope of promoting their
better understanding. Examples are provided from the subgroup of
perovskite proton conductors [11]. The points raised apply also to
other HTPCs, but not to the class of low temperature proton conductors,
where mostly vehicular transport mechanisms operate [12,13].
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The so-called semi-classical treatment modiﬁes the above model by
considering the zero-point energy of the H/D species in the potential
well in which they reside (Fig. 2). The zero-point energies are given
by Eqs. (7) and (8), in which νH and νD are vibrational frequencies.

2. Isotope effects in perovskite proton conductors
2.1. Infra-red spectra
In the classical treatment of the O–H and O–D bonds as harmonic
oscillators, the ratio of their vibration frequencies is determined by the
reduced masses, m*, of the two systems, assuming that the O atoms
are unconstrained. Eqs. (4) to (6) describe these phenomena.
ωO−H
ωO−D

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
mO−D
¼
mO−H



ð4Þ

mO mH
mO þ mH

ð5Þ

mO mD
:
mO þ mD

ð6Þ

and


mO−D ¼

ð7Þ

1
2

ð8Þ

E0;D ¼ hνD :

where
mO−H ¼

1
2

E0;H ¼ hνH

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
For 16O–1H and 16O–2D, this ratio comes to 17=9, i.e. 1.374. For an
H/D species attached to an inﬁnite mass, the corresponding ratio would
pﬃﬃﬃ
be 2, i.e. 1.414.
Infra-red spectroscopic studies of D2O vapour-exchanged perovskites
and the perovskite-related structure LiNbO3 showed a systematic shift in
the O–D vibration peaks towards lower frequencies/wavenumbers
[14–16]. Peaks associated with surface-bound protons were excluded
from these studies. Fig. 1 shows the infra-red spectrum for the HTPC
La0.8Sr0.2ScO0.95 [14]. From the above works, the mean shift of sixteen peaks covering a total of nine compounds was found to be
1.343 ± 0.018, reasonably close, but not identical, to the value calculated based on the reduced mass.

The higher vibrational frequency of H results in a higher zero-point
energy and, consequently, a lower energy barrier. Taking the mean
of the frequencies reported in Refs. [14–16] results in a difference of
5.2 kJ mol−1 (0.054 eV), which should be reﬂected in the activation
energies for migration. As for the pre-exponentials of the conductivity,
these should be higher for protons than deuterons by a factor of 1.374
to 1.414, the latter value being usually quoted.
Nowick and co-workers assembled conductivity data on ﬁfteen
HTPC systems [15–17]. The average difference in activation energy
was 4.3 kJ mol−1 (0.044 eV), 20% lower than that predicted by semiclassical theory. The discrepancy between observation and theory can
be rationalised by recalling that the mechanism of proton transfer between oxygens is not one of simple hopping, but involves the vibrations
and librations of the oxygen, as shown by Münch and Kreuer [18,19]. In
effect, the barrier “seen” by the proton is modulated by the movements
of the oxygen lattice.
In contradiction to the semi-classical model, experimentally determined conductivity pre-exponentials are mostly higher for the D2O-exchanged HTPCs, in some cases by as much as 1.72. The pre-exponential
of the ionic conductivity is described by the following equation [17]:
A¼

z λ2 e2 ν0 ceff
6υ k

ð10Þ

where
2.2. Protonic conduction
The theories concerning the isotope effect and protonic conduction
have been described in an important paper by Nowick and Vaysleyb
[17]. The classical model predicts that the rate of a proton hopping in
an oxide is proportional to the attempt frequency or O–H vibration
frequency. Thus, the mobility of a proton should be larger than that of
a deuteron by factor in the range 1.374 to 1.414, while the activation
energies of the two species should be identical. These predictions do
not agree with observations, therefore this model is discussed no further.

z
λ
e
ν0
υ
k
ceff

is the number of jump directions
is the jump distance
is the electronic charge
is the vibration frequency
is the unit cell volume
is the Boltzmann constant
is the effective concentration of carriers, allowing for
association.

Inspection of Eq. (10) suggests that, apart from ν0, ceff is the only
parameter with the freedom to vary signiﬁcantly between H and D.
Therefore, the inequalities AD N AH and ν0, D b ν0, H, taken together,
lead to the conclusion ceff, D N ceff, H, as pointed out earlier by others [20].

Fig. 1. Infra-red spectrum of HTPC La0.8Sr0.2ScO3−d treated in N2/D2O. Peaks for O–H and
O–D are clearly resolved [14]. Note the presence of shoulders on the low wavenumber
side of the peaks.

Fig. 2. Semi-classical picture of proton and deuteron in a ﬁnite potential well, adapted
from Ref. [17]. The different zero-point energies of the two species results in an activation
energy for D+ migration that is higher than that for H+.
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Fig. 3. Arrhenius conductivity parameters in HTPCs exchanged with the three isotopes of hydrogen, based on the data in Ref. [21]. The activation energies increase with isotope mass,
except for one point for BaCe0.9Yb0.1O2.95, while the pre-exponentials decrease, contrary to expectations from Ref. [17].

Subsequent studies have conﬁrmed the trends found by Nowick in
D2O-exchanged systems, with the exception of one study, which is
noteworthy because it also involved T2 exchange [21]. In this study,
the perovskites SrZr0.9Yb0.1O2.95 and BaCe0.9Yb0.1O2.95 were investigated

in atmospheres of H2/H2O/Ar, D2/D2O/Ar, and T2/Ar.§ The impedance
spectra were analysed to resolve the bulk properties, and these
were subjected to an Arrhenius analysis. The activation energies,
shown in Fig. 3a, increased with isotope mass, except in the case of
BaCe0.9Yb0.1O2.95 in T2/Ar, where it was abnormally low. In contradiction
to most of the previous results, the difference ΔHD − ΔHH was only
1.9 kJ mol−1 whereas a value of 4–5 kJ mol−1 was expected. The preexponentials, shown in Fig. 3b, decreased with increasing isotope mass,
in accordance with the semi-classical theory, but contrary to the trends
observed by Nowick et al. [15–17]. The tritium anomaly in ΔHm could
have been explained by poor isotope exchange, considering that T2/Ar
was used in preference to T2/T2O, had it not been for the consistent trends
observed in the pre-exponentials. We hope that, despite the experimental difﬁculties in handling tritium, further work will be performed with
this isotope, as well as with deuterium, in order to test the above
discrepancies.
2.3. Isotope effects in electrode kinetics
In comparison to the literature on bulk conductivity, little has been
published on the isotope effect in electrode kinetics [22,23]. The oxidation of hydrogen to protons involves steps of adsorption, dissociation,
diffusion, and charge transfer as shown in Eq. (11), any of which could
be rate determining.
þ

−

H 2 ðg Þ↔ H 2;ad ↔2 Had ↔2 H þ 2 e :

ð11Þ

In a study of electrochemical oxidation of hydrogen, point contact
electrodes of Ag and Ni were used with the perovskite proton conductor
Sr0.995Ce0.95Y0.05O2.975 [23]. Under anodic polarisation, mass transport
limited currents were observed, according to Eq. (12):


−ηβ F
i ¼ ilim 1−eð RT Þ

ð12Þ

where ilim is the limiting current, η is the overpotential, and β is a parameter that in certain cases is related to the number of electrons taking part
in the reaction.
The dependence of these currents on P H2 ; P D2 could be described by
a simple power law:
Fig. 4. Oxidation of hydrogen or deuterium on a metallic point contact electrode at 800 °C
from Ref. [23]. (a) Current-potential curve for the oxidation of H2 or D2 diluted to 2% by
volume in N2 with a Ni electrode. (b) Dependence of anodic limiting currents on hydrogen/deuterium partial pressure in the oxidation of hydrogen/deuterium on a metallic
point contact electrode for Ni and Ag electrodes.

0

ilim ¼ i

 q
P H2

ð13Þ

§
T2O was not included in the T2/Ar atmosphere due to considerations of radiological
safety.
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where i0 is the limiting current in hydrogen at a pressure of 1 atm. and
q is the reaction order.
As shown in Fig. 4a, a minor difference in the current voltage curves
for oxidation of H2 and D2 on a Ni electrode could be explained by a
difference in the limiting currents. Considering the limiting currents
for different concentrations of H2 and D2 (Fig. 4b), a reaction order, of
circa 1 was obtained as for Ni, while for Ag a value of 0.7 was determined. This lead to the suggestion that, for Ni, the rate determining
step (RDS) was non-dissociative adsorption or surface diffusion of H2,
while for Ag, the RDS probably involved the hydrogen atom [23].
An analysis of the limiting currents in Arrhenius representation (not
shown) produced values in the range of 60–132 kJ mol−1. Since these
currents were thermally activated, they could not be ascribed to gas
phase diffusion, but instead must be due to bulk or surface diffusion.
The activation energies were higher for Ag than for Ni, and also higher
for D2 than for H2, but did not follow the systematic pattern observed
with the protonic conductivities.

the origin. For the hydrogen isotherm, the results agree with those an earlier study of Ba3(Ca1.18Nb1.82)O2−δ [27]. Further work is needed to test
these trends for other HTPC materials and temperatures other than
800 °C.

2.4. Thermodynamic isotope effect

Eth ¼ − ln

Tsidilkovski [24] considered the concentrations of H, D or T in an
HTPC in equilibrium with H2O, D2O, and T2O vapour respectively. He
pointed out that the difference in vibrational entropy between the
vapour and solid phases inﬂuenced the Gibbs free energy of reaction
(2) for the three isotopes. Tsidilkovski demonstrated that, for equivalent
hydration conditions, the concentration ratio [D]/[H] increased at low
temperatures and low degrees of saturation; at temperatures of interest
for HTPCs, this ratio exceeded the value of 2. Considering Eq. (10), this
means that the conductivity pre-exponential for a D2O-exchanged
HTPC would exceed that of an H2O exchanged one, even allowing for
the lower attempt frequency of the D species.
Considering the relevance of the thermodynamic isotope effect to
conduction mechanisms in HTPCs, scant attention has been given to
its experimental study. The present authors measured concentration
isotherms of H and D in the system Ba3(Ca1.18Nb1.82)O2−δ for H2O and
½
D2O at 800 °C [25]. In Fig. 5, these are plotted against P½
H2O or PD2O. For
the low levels of humidity employed, the solids should be far from saturated in protons, and so follow Sieverts' law, i.e. a solubility propor½
tional to PH
or P½
D2O [26]. On that basis, the plots in Fig. 5 should be
2O
linear and should pass thorough the origin. The plots are indeed linear
and show signiﬁcant differences between the isotherms for the two isotopes, although, contrary to expectations, the lines do not pass through

where μ0i are the standard chemical potentials of the species i, γi are the
activity coefﬁcients, ui are the mobilities, the subscripts H2/D2 refer to
the gaseous species and H/D to the species in the oxide. R, T, and F
have their usual meanings. Fig. 6 shows the second term of Eq. (14),
for H2/D2 pressures of 1 atm, activity coefﬁcients of unity and a mobility
pﬃﬃﬃ
ratio of 2. Fig. 6 also includes experimental data obtained on such a cell
with H2/D2 gases humidiﬁed at ambient temperature with H2O/D2O and
a solid electrolyte of CaZr0.9In0.1O2.95 (at the experimental conditions,
CaZr0.9In0.1O2.95 has a protonic transport number of close to unity). As
pointed out by Matsumoto [28], the magnitude of the observed H2/D2
cell emf indicates that the ﬁrst term of Eq. (14) is negative, implying,
for CaZr0.9In0.1O2.95, a higher solubility for D+ than H+. This conclusion
is analogous to the one reached by Tsidilkovski for the thermodynamic
isotope effect in a typical high temperature proton conductor, namely a
higher solubility of D+ than H+. Considering this connection, perhaps
the two effects should be treated by a uniﬁed theory.
It is remarkable that, for the same combination of atmospheres,
H2/H2O on one side and D2/D2O on the other, roughly similar emfs
are generated, and that the sign of the emf depends on the conduction
process in the electrolyte: D2/D2O negative for an oxide ion conductor
and D2/D2O positive for a proton conductor. It is common for perovskite

2.5. Spontaneous emf in H2/D2 cell
Matsumoto and co-workers have considered an electrochemical cell
with HTPC electrolyte supplied with H2 and D2 on opposite sides. This
results in the generation of an emf, for which the D2 side is positive
with respect to the H2 side [28,29]. The emf arises because H+ and D+
migrate in opposite directions through the electrolyte, their two partial
currents cancelling. Since the mobilities of the two species are different,
but their partial currents the same, the resulting I·R drops must be different, generating to a net emf across the cell. A theoretical expression
for the emf has been published earlier [28,29]:

8
< 2μ 0D −μ 0D
2
:

2F


−

9
0
0
2μ H −μ H2 =
2F

;

þ

pH2 γ2D u2D
RT
ln
2F
pD2 γ 2H u2H

!
ð14Þ

Fig. 5. Concentration isotherms for [H] and [D] in Ba3(Ca1.18Nb1.82)O2−δ at different partial pressures of H2O and D2O, at 800 °C [25], together with results for [H] from another study [27].
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
M b K w =2 [26].

Plotting the concentrations versus (PH2O)½ linearizes the isotherm, such that, for low vapour pressure, the slope is
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the transport properties, H2/D2 oxidation kinetics, solubilities of H2O/
D2O and the behaviour of H2/D2 cells with proton conducting electrolytes. In our opinion, the following are the most important points:
1) the concept of the classical harmonic oscillator is sufﬁcient to explain
the broad trends in the vibrational spectra. 2) This model does not hold
for the transport properties, for which the semi-classical approach, or
more advanced models, must be invoked. 3) Both the emf behaviour
of H2/D2 electrochemical cells, and the thermodynamic isotope effect,
demonstrate a higher solubility of D2O than H2O in these systems, but
these effects have not yet been uniﬁed into a single theory. 4) H2/D2
cells can be used to diagnose the conduction mechanism in a solid electrolyte, as the polarity of the cell will be different for a proton conductor
and for an oxide ion conductor.
Fig. 6. Second term of Eq. (14) for the theoretical emf of a D2/H2 electrochemical cell plotted against temperature and the experimental emf obtained using the solid electrolyte
CaZr0.9In0.1O2.95 in Ref. [28]. The lower line is the theoretical emf for the corresponding
cell with an oxide ion conductor (Eq. 1).

proton conductors to undergo a gradual transition from protonic to oxide
ion conductivity at high temperatures, where the equilibrium of reaction
(2) shifts to the left. Accordingly, the cell emf is expected to swing from
positive to negative, passing through zero when the transport numbers
of the two processes are equal.
Fig. 7 shows the response of two such cells for the perovskites
La0.7Sr0.3Sc0.8Ti0.2O2.95 (LSST) and SrCe0.9Y0.1O2.95 (SCY), with emf
cross-overs at 635 and 895 °C, respectively. In a separate study, the temperature at which the protonic transport number of LSST reached the
value of 0.5 was somewhere in the region of 700 °C [30]. The corresponding temperature for SCY was slightly above 800 °C [31]. Thus, in
principle, the H2/D2 cell emf can serve as a diagnostic experiment of
the conduction mechanism, albeit a rather expensive one. It would be
tempting to attempt to calibrate this method so that the curves in
Fig. 7 could be converted to transport numbers, however this would
be possible only if the polarisation resistances of the electrode processes
for hydrogen/deuterium and for oxygen reactions were very small, an
assumption that has been shown to be problematic [32].

3. Conclusions
The family of HTPCs shows a wealth of effects when the hydrogen in
the solids is replaced by deuterium. These affect the infra-red spectra,
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