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Reactivity and transport properties can be traced back to
materials parameters and control parameters. As far as the
concentrations of electronic and ionic charge carriers are
concerned, partial pressures P of the components, temper-
ature T, and dopant content C are the most important control
parameters. While their influence is often well-understood on
a phenomenological level, the understanding of materials
parameters such as enthalpies and entropies of reaction or
activation usually requires an atomistic analysis. Phenomeno-
logical relationships connecting these parameters are very
rare and, if established, extremely useful. The most prominent
examples stem from organic solution chemistry, for example,
the effect of substrate substitution on aromatic reactions (cf.
the Hammett equation) or the Br%nsted catalysis relation.[1]

These equations make use of a linear correlation between free
activation enthalpy and free reaction enthalpy. Specifically,
when enthalpies instead of free enthalpies are considered, this
may be termed an Evans–Polanyi relationship.[2] A few
attempts to verify linear (free) energy relationships in solid-
state chemistry have been reported,[3] but without deeper
insight into the mechanistic details or a conclusive correlation
between data and model. Here we unambiguously demon-
strate the validity of such a linear (free) energy relationship
for inorganic solid-state reactions.

The interaction of gaseous O2 with oxides is of technical
relevance as well as of fundamental interest, and tracer
experiments are an important tool for its investigation. The
oxygen incorporation comprises the surface reaction from O2

to oxide ions in the first bulk layer, and subsequent diffusion
of oxide ions within the bulk. A surprising and strongly
debated relationship between the experimentally determined
effective surface rate constant k̄* and oxygen tracer diffusion
coefficient D* was found for the family of (La1�xSrx)(Mn1�y-

Coy)O3�z, (La1�xSrx)(Fe1�yCoy)O3�z, and (Sm1�xSrx)CoO3�z
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perovskites (Figure 1).[4,5] To a good approximation, both
quantities were reported to be related by the power law given
in Equation (1). Assuming Arrhenius-type expressions for k̄*

log �kk* ffi aþ b logD* ða ffi �1, b ffi 0:5Þ ð1Þ

andD*, this implies an interrelation of the effective activation
energies as well as the prefactors [Eqs. (2), (3)].

Ek* ¼ bED* ð2Þ

logk*
0 ¼ aþ b logD*

0 ð3Þ

The data points in Figure 1 comprise variations in temper-
ature, oxygen partial pressure, and composition of the
perovskite phase. What makes Equation (1) so interesting
and simultaneously so hard to understand is that its range of
validity covers all materials within a given class and hence
implies a variation of materials parameters such as reaction
enthalpies. Figure 1 also shows data for electron-poor electro-
lyte materials (G–K): They deviate strongly from the line
discussed below, indicating that these correlations hold only
for families of materials with similar mechanistic parameters.

A detailed treatment of effective rate constants has
previously been given that showed how k̄e (e= * (tracer), d
(chemical experiment), Q (electrical experiment)) can be
obtained as a function of the control parameters P, C, and T.[6]

The temperature is essentially introduced through the micro-
scopic rate constant of the rate determining step (rds) and
through the mass action constantsKq of the fast reactions that
have to be coupled in the kinetic scheme. Close to equilibrium
and for a given parameter window, k̄* is given by Equa-
tion (4); >*

0 is the equilibrium exchange rate, hki denotes the
geometric means of the forward and backward rate constants
(subscript s indicates “surface”). The expression for D* is,

�kk* / >*
0 ðrdsÞ ¼ hkirdsðTÞ

X
q

Kgs
q ðTÞCMs PNs ð4Þ

under Brouwer and Boltzmann conditions, determined with
Equation (5), with s and u being the conductivity and
mobility of the mobile defect (the subscript ¥ refers to
“bulk”).

D* / s1 ¼ uðTÞ
X

r

Kg1
r ðTÞCM1 PN1 ð5Þ

For a givenmechanistic scheme, these equations allow one
to derive directly k̄* versus D* upon variation of p, C, or T.
For a given material, a linear log k̄*�logD* relationship
follows automatically if Arrhenius-type expressions hold for
k̄* and D* individually. If, however, the material is varied, as
is the case here, the question becomes more delicate because
then the enthalpy and entropy parameters in the above
equations become variables themselves. A linear relationship
as given in references [4,5] (see Figure 1) betrays the validity
of further more subtle features of the materials. Since the
mapping of D*$k̄* involves various mass action “constants”
and kinetic “constants”, a family relationship between
reaction free enthalpies and activation free enthalpies may
be anticipated.

Here we will show that the relationship given in Equa-
tion (6) correctly explains Figure 1 (d denotes the composi-
tional variation within the materials family). We also dem-

dDH�
rds ¼ �0:5 dDH0

ox ð6Þ

onstrate that Equation (6) can be mechanistically corrobo-
rated and even tested by independent results. Since the
entropies are mostly structurally determined and do not
significantly change from material to material within the
family under consideration, Equation (6) also represents a
free energy relationship (owing to the small and constant
mechanical work term, we do not differentiate between
energy and enthalpy).

The tracer diffusion in the bulk follows a vacancy
mechanism [Eq. (7), f= correlation factor= 0.69[4]] , where

D* ¼ f
½VCC

O

cO

D
V
CC
O
¼ 0:69 ½V

CC
O


cO
D

V
CC
O
e�DH

�

V=kBT ð7Þ

the vacancy jump activation enthalpy H�
V of about 0.9 eV

(= oxide ion jump activation enthalpy) and the prefactor DO

are approximately constant for all the samples within the
materials family considered.[7,8, 4] The material- and temper-
ature-dependent vacancy concentration [VCC

O] can be calcu-
lated from the overall oxygen incorporation reaction [Eq. (8)]

1
2
O2 þVCC

OÐ Ox
Oþ 2 hC ð8Þ

with a reaction enthalpy DH0
ox that is typically negative.

Insertion of the mass action constant corresponding to the
reaction in Equation (8) into Equation (7) shows that the
overall D* activation enthalpy includes contributions from
vacancy formation and migration [Eq. (9), see the Supporting
Information for details].

Figure 1. Correlation of the effective surface rate constant k̄* with the
oxygen tracer diffusion coefficient D*, reprinted from ref. [5] with per-
mission from Elsevier, copyright 1999. A= (La,Sr)(Mn,Co)O3�z,
B= (Sm,Sr)(Co)O3�z, C= (La,Sr)(Co,Fe)O3�z (electron-rich transition
metal perovskites); G=La0.9Sr0.1Ga0.8Mg0.2O2.85, H=Zr0.85Y0.15O1.925,
I=Ce0.90Gd0.1O1.95, J=Zr0.81Y0.19O1.905 single crystal, K=Ce0.69Gd0.31O1.845

single crystal (electron-poor electrolyte materials). The line represents
the k̄*�D* correlation for samples A–C, as discussed in the text, and
has a slope of b=0.5.
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ED* ¼ �DHox
0 þDH�

V ð9Þ

Now let us select a reasonable mechanism for the surface
reaction that operates for all the materials considered (it will
be outlined later that within certain limits the details of the
mechanism do not affect the validity of this rationale).
Whereas for electron-poor materials the electron-transfer
steps might be crucial for the overall rate, this is not likely to
be the case for the electron-rich materials under regard. (The
term “electron-rich” refers to the presence of excess electrons
or to the presence of regular, but easily transferable electrons,
and hence also includes the p-type conductors.[9]) Although
no direct evidence for the presence of adsorbed atomic
oxygen species such as O� exists for the materials considered
here (largely due to experimental limitations), desorption
measurements indicate their formation above 400 8C.[10] On
ZnO and SnO2 the ratio of O� to O2

� increases with
increasing temperature.[11] Oxygen permeation measurements

under surface limited conditions yield a reaction order of 12 for
O2 (see e.g. SrCo0.8Fe0.2O3�z

[12] and La0.5Sr0.5Ga0.2Fe0.8O3�z
[13]),

which indicates that only atomic oxygen species are involved
in the rate determining step. The relationship in Equation (2)
between the effective activation energies of k̄* and D* and
the mechanism of the diffusion process resulting in Equa-
tion (9) imply a significant contribution bDH�

V to the effective
activation energy Ek* of the surface reaction, which stems
from the VCC

O jump activation enthalpy. This may be seen as an
indication that a VCC

O site exchange is involved in the rds, as
already qualitatively concluded in ref. [5].

Hence, we assume that the reaction rate is determined by
the ion transfer step, that is, by the incorporation of ionized
atomic oxygen into the vacancy. The degree of ionization of
surface oxygen is definitely less than two but more than zero,
so that we adopt the mechanism given by Equations (10) and
(11) (Kr%ger–Vink nomenclature, see the Supporting Infor-
mation for other mechanisms). The resulting tracer exchange

1
2
O2 Ð O0 þ hC pre-equilibrium ð10Þ

O0 þVCC
OÐ Ox

Oþ hC rate-determining step ðrdsÞ ð11Þ

rate is given by Equation (12) (see reference [6] for the

�kk* ¼ 1
cO

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k
!

k
 ½O0 
½VCC

O
½hC

q

¼
�

k
!

0½hC

cO

�
e�DH
!

�=kB T ð12Þ

method of derivation and the Supporting Information for
details; all concentrations refer to equilibrium, cO=oxide ion
concentration� constant, k

!
and k
 
denote the forward and

backward rate constants and may also include built-in
electrical fields). The overall activation enthalpy approxi-
mately equals the activation enthalpy H

 � of the backward
reaction in reaction (11) [Eq. (13)].

Ek* � DH
 � ð13Þ

As all data are measured in a limited pO2 range (typically
10�3 bar� pO2� 1 bar), the variation of k̄* and D* with pO2

can be neglected (typically k̄*, D*/ (pO2)
n where j n j � 0.5).

Consequently, we are left with variations of temperature and
sample composition. For Equation (1) to hold, the effective
activation energies must fulfil the condition resulting from
inserting Equations (9) and (13) into Equation (2) with bffi0.5
[Eq. (14), see the Supporting Information for the treatment of
the prefactors k*

0 , D*
0 ].

DH
 � ¼ b ðDH�

V�DH0
oxÞ ¼ 0:45 eV�0:5DH0

ox
ð14Þ

This is indeed a linear relationship between an activation
enthalpy and a reaction enthalpy. The importance of Equa-

tion (14) lies in the fact that dDH
 �=�0.5dDH0

ox, that is, the
slope (0.5) and the intercept (0.45 eV) do not perceptibly
change when the material is varied within the family under
concern. According to Equation (13), DH

 � is approximately
identical to the effective activation energy of k̄*, and we
arrive at the experimentally testable prediction that Ek* varies
linearly with the overall oxygen incorporation enthalpy DH0

ox

when the sample composition varies. Figure 2 displays this

correlation (and includes materials of the same family that are
not contained in Figure 1). The experimental Ek* data tend to
be slightly above the line predicted from Equation (14), which
might be due to the small temperature dependence of the
electronic charge carriers [see Eq. (12)]. Keeping in mind the
experimental uncertainties (the typical error of Ek* is
0.2 eV;[5] for (La,Ca)FeO3�z the data points in parentheses
stem from similar sample compositions, but were measured by
a different group[7] as well as the approximations made in
deriving Equation (14), the agreement is satisfactory (the
deviation of (La,Ca)CrO3�z might be due to the comparably
strong d electron localization[14]).

Figure 2. Correlation of the experimentally determined activation
energy of surface exchange Ek* and the overall oxygen incorporation
enthalpy DH0

ox. Closed symbols: experimental DH0
ox data available,

open symbols: DH0
ox estimated either from experimental D* data and

DH�
V =0.9 eV [see Eq. (9)] or from experimental data for materials with

a slightly different composition. The line represents the predicted
linear free energy relationship [Eq. (14)]. The data are from referen-
ces [4,5, 16] as well as [7,17] ((La,Sr)CoO3�z), [7, 18] ((La,Sr)FeO3�z),
[19] ((La,Sr)(Co,Fe)O3�z), and [20,21] ((La,Ca)CrO3�z
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The main point is now the interpretation of Equation (14)
on a mechanistic level. First, we have to emphasize again that
such a relationship can only be valid for a class of materials for
which the same mechanism is operative. The contributions of
DH�

V and DH0
ox to DH

 � can be rationalized as follows: After
the fast preequilibrium reaction (10), the activation energy of
the rds has to be overcome (Figure 3); the rds is the transfer of

adsorbedO’ into a vacancy with the simultaneous oxidation of
the valence band ion (the B cation in Figure 3). Since the
transferred atomic oxygen species is not a fully charged oxide
ion, but has a charge between �1 and �2 (being approx-
imately constant among the materials considered), and since
the transfer occurs between the surface and the first bulk
layer, we can assume that the threshold is reduced compared
to bulk diffusion. Therefore, the contribution of the ionic
motion to the overall activation enthalpyDH

 � is notDH�
V, but

only a constant fraction bDH�
V. The actual numerical value

bffi0.5 as given by the experimentally observed correlation is
consistent with this picture. When passing through the rds, the
reaction enthalpy of this step,DH0

rds, is released, and a fraction
g of it (the exact value depends on the precise location of the
transition state on the reaction coordinate) is involved in the
activation process (i.e., up to the transition state) and
contributes to DH

 �. Since for DH0
rds it can be estimated that

jDH0
rds j � jDH0

ox j , the experimentally observed contribution
of �0.5DH0

ox to DH
 � [Eq. (14)] implies a value of g� 0.5 and

thus a transition state closer to the intermediate state O’ than
to the final state Ox

O. The numerical prefactors that account
for the DH�

V and the DH0
ox contributions to DH

 � are probably
not completely identical, but the experimentally observed
k̄*�D* correlation shows that bffi0.5 is indeed a good
approximation.

Assuming as a first approximation that the oxygen site
exchange is not influenced by the variation in composition (as

supported by the observed constancy of DH�

V), the variation
of DH

 � with composition refers to the partial electron
transfer from the B cation to the oxygen in the transition state
(the degree of intermediate charge is roughly independent of
sample composition).[15] Finally, the constancy of the param-
eter b reflects the validity of the same mechanism for all
materials considered as well as the chemical and structural
similarity of the family members. An important feature of the
analysis is that the activation energy of vacancymigration also
contributes to the surface reaction, which is attributed to the
fact that the latter involves not only an electron transfer but
also represents an ion site exchange. In the Supporting
Information, two other hypothetical mechanisms are dis-
cussed which fulfil the prerequisites (atomic oxygen species as
well as VCC

O in the rds). While one of these mechanisms is
rather improbable, the other leads to similar conclusions. This
demonstrates the validity of the given arguments irrespective
of minor mechanistic details.

To summarize, we have shown that the astonishing k̄*�D*
correlation for electron-rich perovskites can be understood
on the basis of a linear free enthalpy relationship for gas–solid
reactions. This relationship assumes a constant coupling
between the k̄* activation enthalpy and the oxidation reaction
enthalpy (constant with regard to variation among the
materials family considered). This point was independently
tested by referring to kinetic and themodynamic data from
the literature. The treatment demonstrates the usefulness of
linear free energy relationships, which are state of the art for
organic solution chemistry, for inorganic solid-state reactions.
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