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Manifestation of site energy landscapes for ion
transport in borate glasses†

Victor H. Gunawan, Martin Schäfer and Karl-Michael Weitzel *

The potential energy landscape of lithium borate glass of composition Li3B7O12 has been investigated by the

charge attachment induced transport (CAIT) technique. Here, native lithium ions have been replaced by

foreign alkali ions, M+ = K+, Rb+, Cs+. All experiments exhibit a pronounced decrease of native ion diffusion

coefficients over more than 4 orders of magnitude with decreasing local population of Li+. The energy

landscape is modelled by a site energy distribution (SED) with a concentration dependent Fermi energy of the

native Li+ ions. The width of the populated part of the SED is found to be 250 meV (FWHM). The conclusion

is made possible by a combination of a macroscopic ion replacement experiment with a Nernst–Planck–

Poisson modelling of concentration depth profiles measured by secondary ion mass spectrometry (SIMS).

Possible generalizations of macroscopic transport theory to match an Onsager ansatz are discussed.

1. Introduction

The potential energy landscape of mobile ions in solid-state
materials and the atomic scale structure are intimately
interrelated.1–4 This interrelation and the resultant properties,
e.g. the mobility of the ions,5–11 is of paramount interest in
contemporary material science with direct applications in
energy storage and conversion. Understanding the interplay
of structure, energy landscape and ionic transport of ionic
solids is of crucial importance for a knowledge-based develop-
ment of improved and new functionalities of these materials.

Here, we demonstrate combined experimental and theore-
tical efforts in quantifying such landscapes and its resulting
transport function. As a model system we have chosen lithium
borate, for which the structure – transport relation has already
attracted a considerable amount of attention.12–18 We describe
the results of unique transport experiments, where native
mobile lithium ions in a lithium borate glass are depleted
and replaced uni-directionally by foreign alkali ions M+ = K+,
Rb+ and Cs+ in a charge attachment induced transport (CAIT)
experiment. The resulting depletion/replacement profiles
extend down to several hundred nm into the material as
measured by time-of-flight secondary ion mass spectrometry
(ToF-SIMS) resembling time-dependent macroscopic transport
with characteristic transport coefficients. The experimental
data reveal that most of the native lithium ions are indeed

mobile but a fraction of several percent of the ions appears to
be immobile. In order to understand and rationalize these
experimental findings, a macroscopic transport theory is
employed. The macroscopic approach is based on the frame-
work of the Nernst–Planck–Poisson theory, focusing on the
time dependent macroscopic flux of ion density on a spatial
grid with effective diffusion coefficients.

The analysis reveals that the diffusion coefficient of the
native mobile lithium ions decreases by approximately 4 orders
of magnitude as the molar fraction of the lithium is decreased
from 1 to 0.2 (the molar fraction of the foreign ion increases
concomitantly). It is observed that a finite fraction of the native
lithium ions is effectively immobile because the diffusion
coefficient of some native lithium ions becomes significantly
smaller than that of the foreign alkali ions, in which case the
concentration profiles exhibit a time-independent plateau. The
variation of native diffusion coefficients can be translated into a
site energy distribution. Employing the concept of a concen-
tration dependent ionic Fermi energy, the width of the popu-
lated part of the SED is found to be 250 meV (FWHM).

2. Methodology
2.1 Charge-attachment induced transport

In the first step, concentration depth profiles are generated by
means of the charge-attachment induced transport (CAIT)
technique.19–21 In this experiment, three samples of Li3B7O12

glass from the same glass batch were shined on each with a
different alkali ion beam, i.e. potassium (K+), rubidium (Rb+)
and cesium (Cs+), respectively. The charge carriers are attached
to the sample surface and induce the transport of charge
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carriers towards a grounded backside electrode due to a
gradient of the electrochemical potential. The result is the
evolution of concentration depth profiles in the sample where
a part of the native Li+ ions is replaced by foreign ions (i.e., K+,
Rb+ or Cs+ ions). The profiles are measured by time-of-flight
secondary ion mass spectrometry (ToF-SIMS) and the raw data
(Fig. S1, ESI†) subsequently normalized to obtain quantitative
information on the concentration of both ion species as
function of depth below the front surface (Fig. S2, ESI†). The
three concentration profiles obtained are shown in Fig. S3
(ESI†).

2.2 Macroscopic transport coefficients

To gain information on the diffusion coefficients operative
during the experiment, simulations based on the mathematical
framework of the Nernst–Planck–Poisson (NPP) (some litera-
ture uses the abbreviation PNP) equations19,21–31 were per-
formed. The coupled set of NPP equations describe the ion
transport over macroscopic distances due to gradients of the
electrical potential and of the relevant concentrations.

The implementation of the NPP equations follows the
standard form employed by many groups and demonstrated

to be very successful despite the obvious simplifications
implied. Essentially, there is one Nernst–Planck equation as
given in eqn (1) per chemical species, i, considered.

Ji ¼ �Di
@ni
@x
þ ni

@j
@x

Zie

kBT

� �
; (1)

The first term in the brackets is often referred to as the
diffusion part and the second as the migration part. In this
work Nernst–Planck equations are combined with the Poisson
equation and solved numerically on a large grid as function of
time. The implementation is outlined in some more detail in
the ESI† including the boundary conditions as well as the
underlying assumptions being made. The pivotal point to be
stressed is, that the diffusion coefficients, Di, involved in the
NPP formalism are effective diffusion coefficients, the inter-
pretation of which must not be confused with any of the liquid
state assumptions of classical Nernst–Planck (NP) theory. As
will be elaborated at a later point, the effective diffusion
coefficients measured by the CAIT approach are identical to
the diffusion coefficients Ds, obtained from the low frequency
limit of impedance spectroscopy.32,33

Fig. 1 (A)–(C) Concentration profiles after the CAIT experiment Experimental concentration depth profiles (dashed lines) together with the result of NPP
model calculations (solid lines) reflecting the best agreement between experiment and simulation. The overall shape of the profiles and in particular the
plateau of apparently immobile Li+ ions as well as the slope of the diffusion front are well matched for all three experiments.
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3. Results and discussion
3.1 Concentration depth profiles

The results of the NPP simulations are concentration depth
profiles of the mobile ion species that are compared with the
experimentally measured profiles. The only free parameters
entering the simulations are the diffusion coefficients of the
two mobile ion species. All other parameters are determined by
the geometry of the sample and the experimental conditions of
the CAIT experiment (Table S1, ESI†). Fig. 1 shows a compar-
ison between experimental and simulated profiles. Evidently,
native Li+ ions were replaced by K+, Rb+, and Cs+ ions, respec-
tively, down to approximately 100 nm. The data exhibit a sharp
diffusion front and a plateau of nearly constant Li+ concen-
tration in the region left to the diffusion front. This plateau is
observed at about 15% of the bulk ion density for the K+-CAIT,
at 7% for the Rb+-CAIT and 3% for the Cs+-CAIT. This implies
that a corresponding fraction of native Li+ ions is effectively
immobile on the time scale of the experiment. In principle, one
could consider the possibility that different types of Li+ ions
may be present as for example reported by Yamada et al. for a
Li3PS4 glass.34 Here, some energetically low-lying part of the
population could evade the ion exchange. This possibility
cannot be ruled out categorically. However, the fact that the
plateau observed is different for different foreign ions suggest
that this is rather an effect of the foreign ion.

The advancement in the understanding is contained in the
diffusion coefficients employed for the simulation. The pivotal
finding is that the diffusion coefficient of the native Li+ ions is
markedly concentration dependent, but the diffusion coeffi-
cient of the foreign ion, i.e., K+, Rb+, and Cs+, is apparently
constant, independent of the mobile ion concentration.

To date, a number of CAIT experiments have been published,
for which depletion/replacement profiles have been analyzed in
the framework of the NPP transport theory.21,32,35–37 In all but one
case, the native diffusion coefficient, Dnative, varied over 3 to 4
orders of magnitude, while the foreign diffusion coefficient,
Dforeign, was constant. Since the set of NPP equations cannot
universally be inverted analytically to solve for the D functions
directly, we performed a large number of NPP calculations with all
possibly meaningful combinations of Dnative and Dforeign. But no
better agreement between experiment and simulation was found.
The diffusion coefficients yielding the best match of the simulated
to the observed concentration profiles for the three different CAIT
experiments are presented in Fig. 2. For Li+ fractions nLi/nbulk Z

0.4, the three Dnative functions are hardly discernible. This lends
support to the conclusion that specifically this part of the Dnative

functions reflects properties of the original native material. For
nLi/nbulk r 0.4 the three native D functions start to differ,
reflecting different plateau levels for the foreign ions, K+, Rb+,
and Cs+. The nearly constant Li+ concentration in these plateau
regions is caused by an orders of magnitude lower Li+ diffusion
coefficient compared to that of the foreign ions. The remaining
Li+ ions in that region are immobile on the time scale of the
experiment. The position of the plateau is encoded in the Li+

fraction nLi/nbulk at which the native diffusion coefficient becomes

approximately one order of magnitude smaller than that of the
foreign one.

3.2 Rationalization of the dependence of Dnative and Dforeign

on ionic concentrations

The main result of this work is that the native diffusion
coefficient varies by at least 4 orders of magnitude relative to
the bulk value, while the external diffusion coefficient needs to
be kept constant for obtaining good agreement between experi-
mental and calculated concentration profiles in the NPP model-
ling. The variation of the native diffusion coefficient, ultimately,
is a result of the energy landscape of the glass.

There seems to be consensus that in a perfect crystal, all
atoms of the same chemical type at equivalent crystal sites have
identical site energy and feel identical barriers, corresponding
to delta-distributions of energy minima and maxima.4,38 In an
amorphous structure of a glass, broad distributions of site
energies (potential minima) and barriers (saddle point energies)
characterize the energy landscape for the mobile ions.39,40 As of
now, there doesn’t seem to exist a consensual protocol for
construction of site energy landscapes, i.e. the site energy
distribution (SEDs), which is free from physical assumptions.
As a consequence, it is at this point impossible to proof a unique
SED, but only to demonstrate that SEDs presented here are
compatible with experimental diffusion coefficients, the deriva-
tion of which is also based on model assumptions.

A visualization of a possible SED is given in the left part of
Fig. 3. In the glass prior to the CAIT experiment, the sites are
filled up with native Li+ ions from the bottom to top of the
distribution. The highest occupied energy is indicated as initial
ionic Fermi energy, EF(Li+, t = 0). The blue shaded area
indicates all populated sites and is referred to as populated
site energy distribution (PSED). Energetically, the sites above
the Fermi level are shown to be unoccupied (vacancies). Lam-
mert et al. calculated the total number of available sites as a

Fig. 2 Concentration-dependent diffusion coefficients diffusion coeffi-
cients for best matches of simulated to observed concentration profiles,
employing constant foreign diffusion coefficients. The blue curves show
the diffusion coefficients of Li+ for the three CAIT experiments (blue lines).
The constant diffusion coefficient for K+, Rb+ and Cs+ are shown in red,
green and magenta, respectively.
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function of the alkali ion density in Li–silicate glasses.41 The
authors found about 20% more sites than alkali ions present
for very dilute Li concentration and about 3% vacant sites for
high Li concentrations. In the current work, we assume 10%
vacancies in the SED calculations of this work. In general, the
diffusion coefficients derived are hardly affected by the exact
number of vacancies assumed to be present. At this point, we
do not rule out the possibility that also some of the sites remain
vacant energetically below the Fermi level. Note, that the
vacancies are not treated explicitly in the NPP formalism.

At bulk density, the measured activation energy can be
interpreted to be the result of an energy difference between
the highest occupied site energy EF(nbulk) = EF(Li, t = 0) and an
energy threshold for long range transport EDC. When the ion
transport starts the native PSED is depopulated top down since
ions with low effective barrier tend to move before ions with
higher activation barrier (compare center and right part of
Fig. 3 where the top edge of the blue shaded area is lowered).
This leads to the concept of a concentration dependent Fermi
energy EF(n). As a result, we may define a concentration
dependent activation energy (Eact(n) = EDC � EF(n)).21,31

The concentration dependent activation energy implies that
also the effective diffusion coefficient is concentration depen-
dent. Here, the simplest physical model for a variation of
diffusion coefficients over several orders of magnitude employ-
ing the energy domain is the one reflected in eqn (2).

D nð Þ ¼ Do � exp �Eact nð Þ=kT
� �

ð2Þ

This model is predicting a variation of Dnative over approxi-
mately 4 orders of magnitude, if one assumes that the effective
activation energy varies by about 0.3 eV as the concentration
of the native lithium ions decreases from the bulk value to,
e.g., 1/10 of the bulk value which determines the width of
the PSED. In the calculations, the concentration dependent
diffusion coefficient function, Dnative, (eqn (2)) enters the

Nernst–Planck eqn (1). Conceptually one may consider Dnative

to be one of the primary observables in the CAIT experiment
and subsequently discuss the inversion of eqn (2) leading from
a variation of Dnative to a variation of Eact(n), which is then
translated into an effective populated site energy distribution.
Practically the analysis is implemented in the opposite direc-
tion. The calculations start with the construction of the SED,
from there the variation of Eact(n) and the variation of Dnative(n)
is calculated, which enters the NPP equations. The details of
the construction of the SED and the derivation of D(n) is given
in the ESI† (part 2.5). Ultimately the SED/PSED are varied until
agreement between experimental and modelled concentration
depth profiles is obtained, cf. Fig. 1.

While the model presented above offers a simple rationaliza-
tion of a concentration dependent native ion diffusion coefficient,
the observation of an apparently concentration-independent dif-
fusion coefficient for the foreign ion in the CAIT experiment is
still puzzling. Within the PSED picture illustrated in Fig. 3 the
energetically top level of the foreign ion PSED, i.e. the foreign ion
Fermi level, stays effectively constant during the replacement
process. This would automatically lead to a constant activation
energy and also a constant diffusion coefficient. The question may
be asked whether there is additional evidence of a constant
Dforeign, which is independent of the SED model proposed. Such
an argument is elaborated below.

In our solution of the NPP equations, electroneutrality is
maintained in the sample, except in the spatial region of the
diffusion front, where a small negative excess charge of less than
1% is present. The electroneutrality is correlated with the situa-
tion that a site being vacated by a native Li+ ion in the transport
direction is filled in by a neighboring foreign ion coming ‘‘from
behind’’ in the direction of transport. In the energy domain that
neighboring foreign ion will likely originate from anywhere in the
SED of those foreign ions. Eventually, another foreign ion enters
the sample from the front surface. The important assumption
made in the implementation of the energy landscape underlying

Fig. 3 Energy landscape: visualization of an energy landscape in which energetically the native ions (Li+) are depleted top down and replaced by foreign
ions (M+), filled in energetically also top-down. The activation energy of the Li+ ion is concentration dependent while the activation energy of the foreign
ion M+ is not. Note, that the energy scales for native and foreign ions are not identical.
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the modeling by the NPP equations is, that replacement processes
dominate at the diffusion front in the spatial domain and at the
current Fermi level, EF(n), of the native Li+ ions in the energy
domain. Two different PSED‘s evolve - one for the native ion and
one for the foreign ion, where that for the foreign ion (red area in
Fig. 3) grows at the cost of that for the native ions (blue area in
Fig. 3). If these two SEDs do not effectively intermix on the time
scale of the experiment, then the Fermi level of the native Li+ ions
could monotonically decrease with decreasing lithium ion content
in the region of the diffusion front, while the Fermi level of the
foreign ion would stay constant. With ongoing CAIT experiment,
only sites energetically below the Fermi level of the foreign ions
would be occupied. This would explain why the diffusion coeffi-
cient of the native ion is markedly concentration-dependent, but
the diffusion coefficient of the foreign ion is apparently constant.
It is interesting to note that this model would not only apply to the
CAIT experiment employed in this work but also to any unidirec-
tional transport experiment involving replacement, e.g. electric
field assisted ion exchange42,43 and alkali proton substitution.44,45

Ultimately, the observation of an apparently constant Dforeign

could be interpreted as an indication that intermixing of the
two SEDs is not operative on the time scale of the experiment.
This immediately raises the question, whether the hypothesis
could be verified in a future experiment. Eventually, one would
expect that the two SEDs should intermix. The question is, how
long does this take and what are the essential ingredients? We
will come back to this question below and suggest an experi-
ment to test the hypothesis.

At this point, the alternative hypothesis that the blue and the
red population in Fig. 3 intermix instantaneously seems incom-
patible with the model of a concentration dependent Fermi
energy for the native ion and a de facto concentration indepen-
dent Fermi energy for the foreign ion.

From yet another point of view, basically the entire concen-
tration variation is encoded in the diffusion front. For the

foreign ion this implies the possibility that the observation of
constant Dforeign is a property of the diffusion front correlated
with an effective energetic bottleneck and/or strain effects at
that front. In fact, the concentration variation of the native ion
is also encoded in the diffusion front. On the other hand, there
is a known, experimentally measured bulk conductivity and
consequently a bulk diffusion coefficient, which is expected
to continuously vary from the bulk value to the diffusion
front value.

The de facto 1 : 1 replacement of native lithium ions by
foreign alkali ions can be regarded as the native ions pulling
the foreign ions behind or from the foreign ions pushing
the native ions ahead. Ultimately, all available information
suggests that the picture of native ions pulling the foreign ions
behind is operative. To this end, in the ESI† we derive an
analytical relation between the diffusion coefficient of the
foreign alkali ion, Dforeign, and the native lithium ion, DLi,
(part 2.10).

DD
foreign ¼ DB

Li

nBLi þ nDLi
� �
nBLi � nDLi
� � � nBLi

4
DB

Li

DF
Li

nBLi �
4

EB
rnLi � nBLi þ nDLi

� �

�DD
Li

nDLi
nBLi � nDLi
� � (3)

here, the superscripts B, F and D indicate the bulk zone, the
diffusion front and the diffusion (replacement) zone, respec-
tively. As a matter of fact a single foreign ion diffusion coeffi-
cient is emerging, with the analytical prediction being in line
with the optimum parameter found in the numerical analysis
within 10%. We conclude that the observation of a constant
foreign ion diffusion coefficient automatically arises in the
situation of the native bulk diffusion coefficient being orders
of magnitude larger than that of the foreign ion. In the case,
that the diffusion coefficient of the foreign ion is significantly
larger than that of the native ion, it is the latter, which appears
constant in the NPP analysis.36 In that case one could strive for
the picture of foreign ions pushing the native ions ahead and
even surpassing them.

3.3 Site energy distribution of Li3B7O12

As pointed out in the previous paragraph, the concentration
dependent native diffusion coefficient can be interpreted as a
result of a PSED which is depopulated top down. The PSED that
is connected to the concentration dependent lithium diffusion
coefficients shown in Fig. 2 is given in Fig. 4.

The black curve in Fig. 4 indicates the full Li-SED. However,
some of the native ions remain immobile during the course of
the CAIT experiments. The profiles shown in Fig. 1 show that
about 3% of the Li+ ions in the Cs-CAIT experiment remain
immobile – in the Rb- and the K-CAIT experiment 7% and 15%
of the Li+ ions are immobile. Correspondingly, 97% (Cs-CAIT),
93% (Rb-CAIT) and 85% (K-CAIT) of the Li+-ions are mobile and
hence only their fraction can be depopulated from the PSED.
These mobile parts of the PSED are shown as blue dotted (Cs-
CAIT) and blue dashed line (Rb-CAIT) and as blue shaded area

Fig. 4 Lithium site energy distribution corresponding to the best match of
the NPP calculations At the beginning of the experiment the populated
part of the site energy distribution is the area to the left of the vertical
dashed line, indicating the initial Fermi level. The blue filled area indicates
the mobile part of the Li-PSED in the K+-CAIT, that has moved until the
end of the experiment.
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(K-CAIT). The difference between the black curve and the blue
curves refers to the immobile ions.

The pivotal point is that all three CAIT experiments can be
described employing one and the same Li-SED, independent of
the foreign ion. It is just the ratio of diffusion coefficients
between immobile ions and mobile ions, which differs between
the three foreign ions. This lends support to the conclusion
that in particular the width of the mobile part of the native
PSED indeed reflects a property of the material. For the
Li3B7O12 glass, we arrive at a FWHM of the SED of 250 meV.

3.4 Relation between the effective diffusion coefficient and
Onsager transport coefficients

This brings us to the point of interpreting the diffusion
coefficients derived in this work. It has been emphasized above
that the diffusion coefficients derived are effective diffusion
coefficients. This triggers the question, to what other diffusion
coefficients these numbers may be compared. Here it is impor-
tant to emphasize that there is a large variety of different
diffusion coefficients being discussed in the literature.11,46–51

In order to shed additional light on the relation of different
diffusion coefficients, we have elaborated a description of the
particle density flux, Ji, in the framework of the Onsager theory
of irreversible thermodynamics in the ESI.† 52–56 We state the
pivotal findings in the main text of this paper and point the
reader’s attention to the ESI† for details.

The CAIT experiment as developed in the authors group is
intrinsically subject to boundary conditions relating the change
in particle density and in the chemical potential of the relevant
species involved. The requirement of local electroneutrality
demands that a 1 : 1 substitution of native ions by foreign ions
and implies for each finite grid element

qn1 = �qn2 (4)

dj1 = �dj2 (5)

@n1
@z
¼ �@n2

@z
(6)

@m1
@n1
¼ �@m1

@n2
(7)

This leads to the conclusion that the chemical part of the
flux density, i.e., the part driven by the concentration gradient
contains a contribution which scales as twice the diffusion
coefficient observable in a chemical tracer diffusion experi-
ment. This difference between a CAIT experiment and a tracer
diffusion experiment is rationalized by the fact that the CAIT
replacement experiment contains an up-hill diffusion of native
lithium ions in the concentration domain and a down-hill
diffusion of foreign ions. This is clearly not operative in a tracer
diffusion experiment. Note, that the up-hill diffusion of native
Li+ ions in the concentration domain is still down-hill in the
electrochemical potential domain, similar to analogous discus-
sion in the literature.57–59 For more details, see the ESI.†

The elaboration of the boundary conditions stated above
leads to the conclusion that Onsager formalism and NPP

formalism are equivalent in the sense that the respective
transport coefficients can be transformed from one basis into
the other. E.g., in the case that non-diagonal Onsager coeffi-
cients can be neglected, the effective transport coefficients in
an Onsager formalism and effective diffusion coefficients in the
NPP formalism are related by

L11 ¼ D1;eff
n1

kT
andD1;eff ¼ 2D�1 (8)

L22 ¼ D2;eff
n2

kT
andD2;eff ¼ 2D�2 (9)

Ultimately, the effective diffusion coefficients determined by
a CAIT experiment, Deff = DCAIT, are experimentally identical to
the diffusion coefficients, Ds, obtained in the DC limit of two
electrode experiments, e.g. impedance spectroscopy.32,33 As a
side note, DCAIT = Ds equals two times the standard tracer
diffusion coefficient, D* (cf. the ESI†).

As briefly pointed out above (and in more detail in the ESI†),
in the case that the bulk diffusion coefficient, here D1,eff, of the
native ion is much larger than that of the foreign ion, here
D2,eff, the latter will numerically appear constant in the NPP
analysis. The same holds true for the Onsager coefficients. If
the foreign ion has a larger diffusion coefficient than the native
bulk value, the native diffusion coefficient will appear constant
while the diffusion coefficient of the foreign ion appears
concentration dependent.36 In the case that non-diagonal
Onsager coefficients cannot be neglected the transformation
mentioned above is still possible and given in the ESI.†

Another subtle detail of the analysis pertains to the question
whether the glass network is changed during the experiment.
Here, the fact that basically the same SED is obtained for three
different foreign ions employed in the CAIT experiment
indicates that the native glass network is not severely modified
by replacing one alkali ion by another. On the other hand, the
data presented demonstrate the existence of plateaus of appar-
ently immobile native ions. This apparent immobility of native
ions could either arise from increased potential maxima (closed
gateway states), or from deep potential minima (trapping sites).
The concept of gateway states responsible for blocking of ion
transport has also been put forward by Swenson et al. in the
context of mismatch in both the energy and the structure
domain.60

For alkali silicate glasses Heuer and coworkers demon-
strated the absence of relaxation on the time scale of ion
transport lending support to a static description of the energy
landscape.61

4. Conclusions and outlook

Three lithium borate glass samples from the same batch have
been subjected to CAIT experiments employing three different
foreign ions, K+, Rb+, Cs+. As the primary observable concen-
tration depth profiles originating from a replacement of native
Li+ ions by the respective foreign ion have been obtained. The
transport model employed based on a Nernst–Planck–Poisson
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formalism is capable of rationalizing all observables. This
primarily concerns the concentration dependence of native
diffusion coefficients but ultimately also the result that the
width of the populated part of the site energy distribution of the
glasses is 250 meV (FWHM). In previous work we had derived
widths of 280 meV for a sodium calcium phosphate glass,31

320 meV for a sodium rubidium borate glass,21 and 113 meV for
lithium aluminum germanium phosphate glass.62 Thus, the
width of the SED is characteristic for a given glass system. With
this result the goal of this work has been achieved.

The success of the modelling presented does not preclude
the possibility that other models might rationalize the obser-
vables as well or even better. Some of these alternative models
may just not be known yet. Some other alternatives have not
been pursued in this work. It seems appropriate to state, that
the model presented here is the one with the least parameters.
Clearly, there will be other models with more parameters, e.g.,
the phenomenological Onsager approach. As shown in the ESI†
the effective diffusion coefficients employed in this work can be
analytically transformed to the corresponding Onsager coeffi-
cients, Lij. Once those Onsager coefficients become available
the transformation can be executed. But as long as those
parameters – e.g., non-diagonal elements of a transport coeffi-
cient matrix – are not known it is not effective to increase the
parameter space beyond what is needed. At this point it may
help to emphasize, that the CAIT experiment, although it
certainly leads to a non-equilibrium state (which can be frozen,
however), fulfills the concept of micro-reversibility at each
point of the process. Both, the Nernst–Planck as well as the
Onsager63 approach appear equally suited to reflect this micro-
reversibility of the transport process.

As a subtle detail of the NPP formalism we note, that the
migration term in eqn (1) originates from a Nernst–Einstein
concept,64–69 implying an ideal electrochemical potential of the
type ~mi ¼ m�i þ RT lnðci=c�i Þ þ ziFj, where the index i indicates
the species.30,70–72 The approximations implied could e.g. be
overcome by introducing activities and activity coefficients
deviating from unity. On the other hand, the approach pursued
in this work has the advantage of staying in a particle focused
framework. Here, the concentration dependence of native
diffusion coefficients introduced is considered equivalent to
leaving the approximation of an ideal electrochemical potential
as well, while allowing for a simple transformation of a varia-
tion of diffusion coefficients to the energy domain.

Above we speculated that two distinct PSEDs are operative
for the native and the foreign ions. If such PSEDs exist for long
enough time, this should be possible to proof by a follow-up
experiment. This could, e.g., be a sequential double CAIT
experiment, where the first M1

+-CAIT generates a replacement
profile of the type M1

+@LBO and a second sequential
CAIT experiment of the type M2

+@M1
+@LBO probes the PSED

generated by the first CAIT experiment. Here M1
+ is, e.g., a Rb+

ion and M2
+ could be a Cs+ ion; LBO is the lithium borate.

Such experiments are demanding. They are currently under way
in our laboratory. At this point we raise the hypothesis, that
the PSED depicted in Fig. 3 represent metastable states.

The thermal equilibrium would be represented by intermixed
PSEDs. It’s likely, that the meta stable state persists for a long
time compared to that of the experiment.

Where does the quantification of ion transport in solid state
electrochemistry stand right now? From the point of view of the
authors, all the formalism for describing long range (DC)
transport of ions has been laid down. This includes the relation
between the different diffusion coefficients reported in the
literature. The effective diffusion coefficients measured by the
CAIT technique are equivalent to the diffusion coefficients, Ds,
measured in the DC limit of impedance spectroscopy.32,33 On
the other hand pulsed field gradient NMR techniques rather
measure a self-diffusion coefficient which is best comparable to
a tracer diffusion coefficient D*.73 Readers interested in the
Haven ratio relating the tracer diffusion coefficient to DCAIT and
Ds, are referred to the ESI.†

The old challenge of bridging the understanding from the
hopping in the local structural landscape – as observed in solid
state NMR and impedance spectroscopy74–76 – all the way to
long range DC transport as relevant for technical applications
remains.
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49 H. Weingärtner, in Diffusion in condensed matter. ed.
P. Heitjans and J. Kärger, Methods, materials, models,
Springer, Berlin, Heidelberg, 2005, pp. 555–578.

50 H. Mehrer, Diffusion in Solids – Fundamentals, Methods,
Materials, Diffusion-Controlled Processes, Springer-Verlag,
2007.

51 S. Chakraborty and J. Ganguly, Cation diffusion in alumino-
silicate garnets: experimental determination in spessartine-
almandine diffusion couples, evaluation of effective binary
diffusion coefficients, and applications, Contrib. Mineral.
Petrol., 1992, 111, 74–86, DOI: 10.1007/BF00296579.

52 L. Onsager, Reciprocal relations in irreversible processes. I,
Phys. Rev., 1931, 37, 405–426, DOI: 10.1103/PhysRev.37.405.

53 C. Chatzichristodoulou, W.-S. Park, H.-S. Kim,
P. V. Hendriksen and H.-I. Yoo, Experimental determination
of the Onsager coefficients of transport for
Ce(0.8)Pr(0.2)O(2-delta), Phys. Chem. Chem. Phys., 2010, 12,
9637–9649, DOI: 10.1039/c000865f.

54 M. Martin, in Diffusion in condensed matter. Methods,
materials, models, ed. P. Heitjans and J. Kärger, Springer,
Berlin, Heidelberg, 2005, p. 226.

55 M. Landstorfer and T. Jacob, Mathematical modeling of
intercalation batteries at the cell level and beyond, Chem.
Soc. Rev., 2013, 42, 3234–3252, DOI: 10.1039/c2cs35050e.

56 K. D. Fong, H. K. Bergstrom, B. D. McCloskey and
K. K. Mandadapu, Transport phenomena in electrolyte
solutions: Nonequilibrium thermodynamics and statistical
mechanics, AIChE J., 2020, 66, e17091, DOI: 10.1002/
aic.17091.

57 L. S. Darken, Diffusion of carbon in austenite with a
discontinuity in composition, Trans. AIME., 1949, 180,
430–438.

58 M. Colangeli, A. de Masi and E. Presutti, Microscopic
models for uphill diffusion, J. Phys. A: Math. Theor., 2017,
50, 435002, DOI: 10.1088/1751-8121/aa8c68.

59 R. Krishna, Uphill diffusion in multicomponent mixtures,
Chem. Soc. Rev., 2015, 44, 2812–2836, DOI: 10.1039/
c4cs00440j.

60 J. Swenson and S. Adams, Mixed Alkali Effect in Glasses,
Phys. Rev. Lett., 2003, 90, 155507, DOI: 10.1103/
PhysRevLett.90.155507.

61 H. Lammert, R. D. Banhatti and A. Heuer, The cationic
energy landscape in alkali silicate glasses: Properties and

PCCP Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 7

/2
2/

20
25

 1
2:

48
:0

3 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

https://doi.org/10.1524/zpch.2012.0215
https://doi.org/10.1515/zpch-2021-3091
https://doi.org/10.1002/eem2.12612
https://doi.org/10.1016/j.ssi.2013.04.007
https://doi.org/10.1515/zpch-2014-0459
https://doi.org/10.1021/acs.jpcc.6b11113
https://doi.org/10.1021/acs.jpcc.6b11113
https://doi.org/10.1111/j.1151-2916.1954.tb13991.x
https://doi.org/10.1063/1.341681
https://doi.org/10.1103/PhysRevLett.90.215901
https://doi.org/10.1111/j.1151-2916.1979.tb19086.x
https://doi.org/10.1039/b822415c
https://doi.org/10.1039/c3ta14561a
https://doi.org/10.1016/0079-6786(75)90002-3
https://doi.org/10.1007/BF00296579
https://doi.org/10.1103/PhysRev.37.405
https://doi.org/10.1039/c000865f
https://doi.org/10.1039/c2cs35050e
https://doi.org/10.1002/aic.17091
https://doi.org/10.1002/aic.17091
https://doi.org/10.1088/1751-8121/aa8c68
https://doi.org/10.1039/c4cs00440j
https://doi.org/10.1039/c4cs00440j
https://doi.org/10.1103/PhysRevLett.90.155507
https://doi.org/10.1103/PhysRevLett.90.155507
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp00262h


This journal is © the Owner Societies 2024 Phys. Chem. Chem. Phys., 2024, 26, 14430–14439 |  14439

relevance, J. Chem. Phys., 2009, 131, 224708, DOI: 10.1063/
1.3272273.
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