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es in alkali aluminum germanium
phosphate glasses as probed by alkali proton
substitution†

Kevin Rein and Karl-Michael Weitzel *

The transport of native alkali ions in the energy landscape of alkali aluminum germanium phosphate (AAGP)

glasses has been investigated by means of an alkali proton substitution (APS) experiment. This energy

landscape is demonstrated to be dominated by the network former rather than the identity of the alkali

ion. To this end AAGP glasses of composition A1.5Al0.5Ge1.5(PO4)3 with A = Li, Na, K were subjected to

APS, leading to a replacement of native alkali ions by foreign protons in a region reaching several

100 nm below the surface of the sample. Quantification of the concentration depth profiles by means of

secondary ion mass spectrometry (SIMS) and modelling by means of Nernst–Planck–Poisson transport

theory leads to the conclusion that the width of the site energy distributions (SED) only slightly varies

from 114 meV, to 122 meV and 126 meV, FWHM, for the LAGP, the NAGP and the KAGP respectively.
Introduction

In recent years one of the pivotal goals in material science has
been to elucidate the relation between structure and function of
solid materials. Much attention has been given to structural
landscapes, implying aspects of morphology, short and long
range order as well as surface topology.1,2 However, the relation
between structure and function is mediated by energy
landscapes.3–5 The discussion of energy landscapes is currently
mostly of qualitative nature.6,7 In a perfect single crystal on one
hand long range order with periodicities in the spatial domain
dominate and all atoms of a chemical kind feel the same site
energy and the same energy barrier around them. In a perfectly
amorphous solid (here termed a glass) without any long range
order a distribution of energy minima (termed sites) and of
energy maxima (termed barriers) is operative.3 The fact that
a distribution of sites and barriers interrelated with a distribu-
tion of activation energies is operative, is clear on conceptual,
experimental and theoretical grounds. However, there doesn't
appear to be a general consensus on the width of such site
energy distributions (SED), not even on the form.

Recently the quantication of the populated part of a site
energy distribution (PSED) has been demonstrated from charge
attachment induced transport experiments (CAIT) combined
with secondary ion mass spectrometry (SIMS) and time depen-
dent Nernst–Planck–Poisson analysis (NPP).8–10 Overall, there
are now reports on the width of PSEDs ranging from about 100
t Marburg, 35032, Marburg, Germany.
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meV to 300 meV. This appears technically relevant since the
relation between effective diffusion coefficients and activation
energies is typically of the form D = D0 × exp(−Eact/kBT). This
implies that a variation in Eact of 0.3 eV translates at room
temperature into a variation in the effective D of more than 4
orders of magnitude.

In this work we present the results of a systematic investi-
gation of a series of glasses with common glass network but
differing in the mobile alkali ion, i.e. the network modier. The
goal is to elaborate how large the inuence of the network
modier is on the potential energy landscape of the material. In
searching for a suitable chemical system several conditions
need to be fullled. First, thematerial must be chemically stable
for several alkali ions, it must be possible to prepare those
materials as a glass and nally it must be possible to polish the
samples to a surface roughness on the order of a few nm. Here,
we chose the alkali aluminum germanium phosphate system,
A1.5Al0.5Ge1.5(PO4)3 A = (Li–Cs) for which we reported DC ion
conductivities and activation energies for alkali ion transport in
previous work.11 These glasses can be considered to be derived
from the NASICON (sodium super ion conductors) class of
materials.12 The eponymous material is the Na1+xZr2SixP3−xO12

(ref. 13 and 14) whose transport properties have been pioneered
by Goodenough et al.15 Today a wide range of materials with
structural and electrochemical similarities are discussed as
NASICONs, e.g. the Li1.5Al0.5Ge1.5(PO4)3 (LAGP).16 In the context
of technically relevant ionic conductivities the LAGP is an
attractive candidate in its glass-ceramics form.17–19 Glass
ceramics are generated by heat treatment of amorphous glasses
causing partial crystallization. This will lead to poly-crystallinity
with crystalline regions separated by grain boundaries as well as
possibly remaining amorphous regions.18,20,21 From the point of
J. Mater. Chem. A, 2024, 12, 14117–14128 | 14117
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Fig. 1 Sketch of the experimental setup.
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view of energy landscapes glass ceramics are located between
single crystals and perfectly amorphous solids. According to
Kirchheim the energy landscape of a crystalline material with
grain boundaries may be difficult to distinguish from that of
a perfect glass.22 For the sake of the uniqueness of the SED
analysis aimed at in this work, we concentrate on perfectly
amorphous glasses. More specically the focus will be on
lithium, sodium and potassium as network modiers, i.e. on
A1.5Al0.5Ge1.5(PO4)3 with A = Li, Na, K.

In previous work, the quantication of SED and PSED was
based on the alkali CAIT approach where alkali ions M+ = Li+,
Na+, K+, Rb+ or Cs+ were generated by thermionic emission and
then used for ion attachment. More recently the list of attach-
able monovalent ions has been extended to protons and
deuterons in a Plasma-CAIT experiment, where polarity selected
charge carriers were extracted from a femtosecond-laser
plasma.10 The possibility to replace native alkali ions by
foreign protons or deuteron in fact appears to be a general
phenomenon – as will be demonstrated in this work. In this
context a very robust approach to alkali proton substitution
(APS) has been demonstrated by Omata and coworkers.23–25 In
that approach a sample is placed between two electrodes one of
those being a thin platinum electrode. The entire sample is
placed into hydrogen atmosphere. Here, hydrogen molecules
dissociatively adsorb to the platinum electrode and eventually
diffuse into this thin electrode. Then, as soon as a potential
drop is applied to the two electrodes, hydrogen atoms are
converted to protons, most likely at the Pt/sample interface, and
subsequently these protons substitute native alkali ions in
a unidirectional transport experiment very similar to the CAIT
process of generating replacement zones.

Experiment
Sample preparation

Three batches of alkali–aluminum–germanium–phosphate
(AAGP) glasses with the general composition A1.5Al0.5Ge1.5(-
PO4)3 (with A = Li–K) were synthesized via the melt-quenching
method.11,26 The educts of glass synthesis, A2CO3, GeO2,
(NH4)2HPO4 and Al2O3 were dried for 12 h at 120 °C in an oven.
Stoichiometric amounts of the compounds were mixed with an
agate mortar. An excess of 10% for the A2CO3 were used. The
mixture was placed in a platinum crucible and heated from
room-temperature to 450 °C. The temperature was kept stable
for 2 hours to drive off CO2, H2O und NH3. Within 60 minutes,
the mixture was heated to 1400 °C for A= Li and 1475 °C for A=

Na and K. Aer 2 h the melt was quenched in a stainless steel
crucible at 450 °C for A = Li and 550 °C for A = Na/K and le at
this temperature for 12 h. The thermally relaxed glasses were
cooled down to room-temperature with a cooling rate of 1 °
C min−1. The resulting glass cylinder was cut into glass discs
with a cutting machine (Struers Accutom-5). The mass per glass
batch produced is 15.0 g ± 0.2 g. For each batch, 5–8 cylindrical
glass discs with a diameter of 1.4 cm and thicknesses from
0.5 mm to 1.2 mm were obtained. Both sides of the glass discs
were polished using a polishing machine (Struers LaboPol-5).
The polishing procedure was carried out in two steps with
14118 | J. Mater. Chem. A, 2024, 12, 14117–14128
decreasing grain size (Kemet 6-KD-C3 and 3-KD-C3). The
roughness of the polished surfaces have been determined by
a prolometer (Bruker DektakXT). Typical rms values range
from 80 to 120 Å. Subsequently thin platinum layers with
thickness of 100 nm were sputtered on both sides of the glass
samples (Leica EM ACE600).

The mass density of the glass samples were measured using
a pycnometer (Blaubrand) with an accuracy of ±0.001 g cm−3.
The amorphicity of the glass batches has been validated by X-ray
diffraction (Philipps/Panalytical X'Pert Pro PW3040/60) (see
Fig. S1–S3 of the ESI†).

APS method

The alkali-proton substitution (APS) approach was rst
described by Ishiyama et al.23,24 In this work, we use an experi-
mentally adapted version of the original published method. A
glass disc sputtered with platinum (see sample preparation) is
placed between two stainless steel electrodes in an experimental
setup as shown in Fig. 1. As a subtle detail we note that the steel
electrode representing the anode is mounted on a three-point
support while the steel electrode representing the cathode is
pressed to the sample with the planar face. This ensures free
access of molecular hydrogen to the front side platinum
electrode.

The entire setup is located in a closed chamber in a dened
atmosphere of 200 mbar H2. An integrated heating unit allows
the sample to be tempered to a desired temperature. On one of
the two electrodes a positive DC bias up to 50 V is applied
(anode). The other electrode is grounded through a tran-
simpedance amplier (cathode). The application of the positive
DC potential to the anode results in a static electric eld
between anode and cathode. Mobile, positive alkali ions in the
AAGP glass migrate along the electric eld. Ions arriving at the
cathode are neutralized by electrons. The electron current is
detected by the transimpedance amplier, A/D converted and
recorded by a computer soware. On the anode side, the
molecular hydrogen dissociates and the resulting atomic
hydrogen binds to the platinum surface. The hydrogen atoms
are transported through the porous platinum layer and aremost
likely oxidized to H+ at the platinum glass interface due to the
positive potential.23,27 The H+ ions can now enter into glass.
Upon entering into the glass the H+ ions replace native alkali
ions such that electro-neutrality is overall conserved. This leads
This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Schematic representation of the formation of H+ ions and
replacement of alkali ions A+ during the APS experiment.
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to unique concentration depth proles which can be quantied
by means of time-of-ight secondary ion mass spectrometry
(ToF-SIMS). The H+ formation and migration is schematically
shown in Fig. 2. The experimental conditions employed ensured
that at all times a sufficient number of protons can be converted
at the platinum electrode and that, as a result, a sufficient
number of protons are available for substitution.

There are two options how the APS can be used to determine
characteristic sample properties, (i) the DC conductivity
measurements and (ii) the formation of concentration depth
proles. The concept of measuring DC conductivity data for
glasses has been described elsewhere.11 For the DC conductivity
measurement, a DC bias is applied to the electrodes for a short
time and the resulting current is measured. By variation of the
DC bias, the conductivity of the sample at a given temperature
can be determined. The measurement of the conductivity at
different temperatures allows for an Arrhenius analysis. The
result of this analysis is the activation energy Eact for long range
ion transport.11 The DC conductivity measurements are carried
out in such way that the overall charge own is small, so that the
conductivity of the sample is not inuenced by the ingoing H+

ions.
By applying a constant static voltage to the electrodes over an

extended period of time (tens of hours) concentration depth
proles are generated beneath the anode. They can reach up to
2000 nm deep into the sample as quantied by ToF-SIMS. The
electric current transported during the experiments is moni-
tored. It typically decreases slightly over time, when the overall
conductivity of the sample is changed by the APS process.
Measurement of concentration depth proles

The concentration depth proles generated with the APS are
measured with a time-of-ight secondary ion mass
This journal is © The Royal Society of Chemistry 2024
spectrometer (ToF-SIMS 5, IONTOF GmbH) equipped with an
extended dynamic range (EDR) detector. The surface of the
sample is analyzed by a Bi+ beam, generated by a liquid metal
ion gun. The Bi+ ions have a kinetic energy of 25 keV. The high-
energetic Bi+ ions impinging the surface cause a collision
cascade, where neutral particles, secondary electrons and
secondary ions are released. The secondary ions are drawn into
the time-of-ight analyzer and separated by their mass to charge
ratio. The time-of-ight of a specic ion can be translated to the
mass of the ion. The analyzer is operated in the positive mode,
such that only positive ions are analyzed. A sputter gun con-
sisting of an O2

+ ion beam exposes deeper layers of the surface.
The O2

+ ions have a kinetic energy of 2 keV. During a sputter
cycle, no ions can enter the analyzer. The analyzer beam (Bi+)
and the sputter beam are used alternately. For each analysis
cycle, an area of 100 × 100 mm, by a total of 128 × 128 spots is
analyzed. Since the samples examined are not electrically
conductive, the sample is additionally charged negatively with
an electron beam on the surface. This prevents the surface from
being positively charged due to the emission of secondary
electrons and thus reducing the ion yield. For a one-
dimensional depth prole the secondary ions in each cycle
are counted, Poisson corrected and integrated over the entire
layer. The sputtering area is 300 mm × 300 mm. The depth of the
crater formed during the proling is subsequently analyzed by
a depth prolometer (Bruker DektakXT). Assuming a constant
sputter rate for the sample, the ToF-SIMS prole can be cali-
brated by the measured depth. The sputtered platinum elec-
trode on the glass sample can be washed away in an ultrasonic
bath without losing any information in the concentration depth
prole. This work is focused on the concentration depth proles
beneath the anode.
Theory
Nernst–Planck–Poisson equations

The result of an APS experiment is the macroscopic substitution
of mobile native alkali ions by foreign H+ ions beneath the
anode. This substitution process can be visualized by one-
dimensional concentration depth proles. The Nernst–
Planck–Poisson equations, as a set of coupled differential
equations, allow an analysis of the measured depth proles.
The Nernst–Planck equation in its one-dimensional form is:

Ji ¼ �DiðniÞ �
�
Vni þ Zi e

kBT
niVf

�
(1)

where J is the ion ux of the species i, Vni is the gradient of the
ion density, Zie is the specic charge of a species, kBT is the
Boltzmann's constant times the temperature and Vf is the
electric potential gradient. Di(ni) describes the diffusion coeffi-
cient of species i. Note, that in our theoretical description, the
diffusion coefficient for the migration process is set to be the
same as for the pure chemical diffusion process. This is in line
with all the existing literature on Nernst–Planck–Poisson anal-
ysis. In this work, only the translocation of positively charged
ions is considered, thus, there is one NP equation for the native
J. Mater. Chem. A, 2024, 12, 14117–14128 | 14119
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species and one for the foreign H+ ions. Onsager cross coeffi-
cients are not explicitly included.

A translocation of charge carriers of any kind inuences the
electric potential and thus the electric eld inside a material.
The relation between the charge carrier distribution and the
electric potential is given by the Poisson equation. The one-
dimensional form of the Poisson equation is given by:

303rDf ¼
X
i

�
ni � n0i

�
Zie (2)

where 30 is the vacuum permittivity, 3r is the relative permit-
tivity, ni is the density of species i and n0i is the bulk density of
the ionic species i at the beginning of the experiment. The exact
solution of the Poisson equation requires two boundary
conditions. These are determined by electrode potentials
chosen in the experiment. The anode is set to a positive
potential, the cathode is connected to ground potential through
the current amplier. Given a distribution of charge carriers,
these two boundary conditions allow a well-dened calculation
of the electric potential and thus the electric eld in the
sample.

The time-dependent ion motion is described by Fick's
second law:

vni

vt
¼ �VJi (3)

The only free parameters entering eqn (1)–(3) are the diffu-
sion coefficients Di(ni) of the mobile species. All other direct or
indirect parameters, such as the temperature, the sample
geometry or the electric potentials on both sides of the sample
are explicitly given and constant throughout the entire experi-
ment. Ultimately, the diffusion coefficients of the native mobile
ion (in the following termed DA) and the external H+ ion (in the
following termed DH), are chosen such as to minimize the rms
between the theoretical concentration depth prole and the
experimental one. Details on the implementation of the diffu-
sion coefficients and its numerical variation will be given below.
Concentration dependence of diffusion coefficients

As eqn (1) implies, the diffusion coefficient is conceptually
considered to be a function of the ion density of the species in
a given volume.8,28 In principle, this applies to both the native
and the foreign ions. Previous studies in our group showed
empirically that agreement between experimental andmodelled
concentration depth proles can only be reached, if the native
Di is assumed to strongly vary with ni, but the foreign Di has to
be kept effectively constant. Simulations with a constant native
diffusion coefficient and/or a strongly varying foreign diffusion
coefficient do not t the experimental results.8–10,29 As shown in
the result section, this situation also applies to the current
work. Below we will provide a brief introduction to the concept
of concentration dependent diffusion coefficients.

During the preparation of the glass using melt-quenching,
the glass framework is formed. The alkali ions now occupy
the sites in the glass framework. The sites of lower energy are
occupied with preference over sites of higher energy. The sites
14120 | J. Mater. Chem. A, 2024, 12, 14117–14128
are thus lled from bottom up in the direction of increasing
energy. In previous work we showed that we can model the sites
available for alkali ions by a site energy distribution.8–10 The
energetically highest occupied site corresponds to a Fermi level
with an energy, EF, the ionic Fermi energy.8,30,31 This concept is
analogous to the concept of an electronic Fermi level in metals
or semiconductors, but must be distinguished from the latter.
Transport of ions here takes place by hopping in the potential
energy landscape involving vacancies. For long range transport
a threshold, EDC, has to be overcome constituting a transport
path of least energy. Setting this long range threshold to 0 eV,
the activation energy Eact(nA) of an alkali ion A can be calculated
from:

Eact(nA) = EDC − EF(nA) = −EF(nA) (4)

Consequently, the diffusion coefficient DA(nA) of the corre-
sponding ion can be calculated by

DAðnAÞ ¼ DA;0 � exp

��EactðnAÞ
kBT

�
(5)

here, DA,0 is a constant value representing specic material
properties such as the average hopping frequencies of the
ions.

For modelling of the SED we choose a sin2 function. The sin2

function is similar in form to an assumed Gaussian function
but mathematically easier to integrate numerically. The general
form of the SED S(E) used in this work is given by:

SðEÞ ¼ S0

2

Gp
sin2

�ðE � E0Þ
G

þ p

2

�
(6)

here G represents the width of the sin2 function, S0 is the total
density of available sites and E0 is the center of the distribution.
Such a site energy distribution is illustrated in the le part of
Fig. 3. Typically, the total density of available sites S0 is
approximately 10% higher than the density of ions.8 For illus-
tration purposes these 10% vacant sites are plotted above the
Fermi level in Fig. 3. However, some unoccupied sites must exist
below the Fermi level, else local ion hoping would be impos-
sible. S(E) is the amount of sites at a given energy. Thus, inte-
gration of S(E) over E results in the total amount of states. Since
in our assumption all sites up to the Fermi level are singly
occupied, the integration of S(E) up to the Fermi level, EF
determines the total amount of ions occupying sites up to the
Fermi level, n(EF):

nðEFÞ ¼
ðEFðnÞ

�N
S0

2

Gp
sin2

�ðE � E0Þ
G

þ p

2

�
dE (7)

Note, that we dene S(E) to be zero outside of the two zero
points of the sin2 function.

While the preparation of a glass can be visualized as an
energy landscape being lled up bottom-up, the ion exchange
process can be visualized as occurring energetically top-down.
At the beginning of the ion exchange experiment, those native
ions sitting near the Fermi level experience the lowest activation
energy for long range transport and will be replaced by foreign
This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Illustration of the energy landscapes including populations by native (blue) or foreign (red) ions. From left to right snap shots at the
beginning, in the middle and close to the end of the ion exchange process are given. Note that in this illustration the Fermi level of the native ion
decreases with time but the Fermi level of the foreign ion stays constant. The consequences are discussed in the text.
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ions rst. As the ion exchange proceeds in time, the Fermi level
of the native ions decreases. The corresponding native activa-
tion energy increases and the diffusion coefficient decreases
according to eqn (4) and (5). Concomitantly, foreign ions ll in
the energy landscape. As illustrated in the middle and the right
part of Fig. 3, this can also be envisaged as taking place ener-
getically top-down. This picture automatically implies, that the
Fermi level of the foreign ion stays constant and so does its
activation energy and its diffusion coefficient.

Clearly, Fig. 3 implies the evolution of an energy distribution
of the population of both the native and the foreign ion.
Therefore, one can envisage an experiment, where not only the
diffusion coefficient of the native but also the foreign ion may
exhibit a concentration dependence. Such an experiment is
indeed feasibly, but it is not the current experiment. As elabo-
rated elsewhere, in this kind of unidirectional ion exchange, the
effective diffusion coefficient for the foreign ion will always
appear as concentration independent as long as Dforeign �
Dnative,bulk.32 This is a characteristic of the experiment. Since the
goal of the experiment is to quantify only the native ion SED, no
problem arises from this.

Ultimately, the theoretical analysis depends on only two free
parameters for the native alkali ion considered, i.e. the pre
exponential factor DA,0 and the width of the SED, G, and a single
diffusion coefficient for the foreign ion, DH, i.e. the proton.

So far, the model presented only takes into account the
unrestricted 1 : 1 replacement of native alkali ions by external
protons. However, it is possible that certain alkali sites are not
accessible to protons. In that case those alkali ions would
remain in their site, i.e. would seem to be (nearly) immobile, at
least on the time scale of the experiment. To include this
behavior, we modied the diffusion coefficient DA(nA) as given
in eqn (5). For small ion densities, nA, in the context of this work
This journal is © The Royal Society of Chemistry 2024
typically below 15% of the bulk ion density, the diffusion
coefficient of the native ion is reduced articially, causing ions
to remain in the replacement zone. Note, that a 1 : 1 exchange
does not necessarily imply that the external protons occupy sites
which have just been vacated by the native mobile ion. In
principle the external proton may occupy a site different from
the one being vacated subject to local charge balance.

Conductivity measurements

In recently published work, we investigated the activation
energies and the conductivities of the AAGP glasses using DC
conductivity studies in vacuum and in hydrogen.11 An increase
in the activation energy with a simultaneous decrease in
conductivity as the alkali ions increased in size was observed.
The temperature-dependence of the conductivity follows the
law of Arrhenius. The activation energy of the DC long-range
transport Eact can be determined using the logarithmic form
of the Arrhenius law:

ln
�
ssp � T

� ¼ � Eact

kB
� 1

T
þ lnðs0Þ (8)

where ssp is the conductivity of the sample, T is the tempera-
ture, kB is the Boltzmann constant and s0 is a term reecting the
hopping frequency of the ions located in their sites as well as
the mean jump distance and the number of mobile charge
carriers.

Results and discussion
Conductivity measurements

The DC conductivities of the AAGP (A = Li–K) glasses have been
examined employing the APS technique. Here, the conductivity
measurements were performed in a 200 mbar hydrogen
J. Mater. Chem. A, 2024, 12, 14117–14128 | 14121
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atmosphere as a function of the temperature. The results are pre-
sented in Fig. 4 in the form of an Arrhenius plot. Clearly, the overall
conductivity decreases in the order s(LAGP) > s(NAGP) > s(KAGP).
The order of magnitude and the sequence of conductivities
observed in this work is identical to the one observed in ref. 11. The
activation energies derived are Eact(Li) = 0.78 eV, Eact(Na) = 0.73 eV
and Eact(K) = 0.98 eV with an uncertainty of ±0.03 eV for all three
values. The activation energies of LAGP and NAGP glass are there-
fore indistinguishable, while the activation energy of KAGP is
signicantly higher. This trend is similar to data reported in the
literature.33,34 Please note that the sequence of ionic conductivities
shown here is characteristic for the temperature window shown. A
difference in the activation energy implies the possibility that the
order of the ionic conductivities reverses at some temperature. The
data reported here compare well to previous results obtained by
Plasma-CAIT and by a direct DC approach.11 The latter measure-
ments employed the same experimental setup as the one used in
this work. However, the DC measurements in ref. 11 were per-
formed in high vacuum, i.e. without applying a hydrogen atmo-
sphere. This implies subtle differences between the two DC
experiments. As it turns out, the differences are small on the short
time scale, on which the conductivities are measured. In ref. 11, the
activation energy of LAGP was observed approx. 30 meV lower than
for NAGP. Since the difference in activation energies is within the
experimental inaccuracies, the data in this paper are fully compat-
ible with those in ref. 11. Minor differences in absolute numbers for
the conductivities and the activation energies observed between ref.
11 and this work originate from the fact that a different batch was
used here. These differences relate to subtle differences in the
preparation of the glass samples. Small variations in the prepara-
tion, for example, the cooling rate of the molten glass are known to
lead to measurable changes in the glass properties.35,36 The char-
acterization of the current batch is important, since the activation
energies determines the diffusion coefficient as given by eqn (5).

The measurement of conductivities and activation energies
described above relies on a fast measurement ensuring that the
Fig. 4 Arrhenius plot of the measured DC conductivities vs. 1000/T.
The glasses investigated were LAGP (orange), NAGP (green) and KAGP
(red). Activation energies are given in the legend.

14122 | J. Mater. Chem. A, 2024, 12, 14117–14128
sample properties are not altered by the experiment. Here, it is
important to note that electrode polarization does not limit the
charge transport. As demonstrated in the ESI† the current recorded
during the actual APS experiment only slightly decreases over the
course of several tens of hours (Fig. S4–S6†). That decrease of
current versus time reects the evolution of alkali proton substitu-
tion as will be discussed in detail in the next section.
Concentration depth proles of the APS treated glasses

One sample of each batch of the three AAGP glasses has been
treated by an APS experiment. As mentioned, the measured
current time curves are shown and described in the ESI (see
Fig. S4–S6†). Subsequently, the APS treated samples have been
analyzed by means of ToF-SIMS. Conceptually, the protons can
only enter the material through the anode. Therefore, only the
anode side of the samples have been analyzed by ToF-SIMS. The
raw data of the ToF-SIMS concentration depth proles are
presented as Fig. S7–S9 of the ESI.† In addition, the raw proles
shown in the ESI (Fig. S7–S9†) show that no electrochemical
decomposition reactions have taken place at the electrodes. The
normalization of the depth proles is also described in the ESI.†
The normalized concentration depth proles are presented as
Fig. S10–S12 of the ESI.† They are also displayed as symbols in
Fig. 5, 7 and 9.

The concentration depth proles show a pronounced
replacement of native alkali ions by protons. The replacement
zones observed for the three samples differ in shape and depth.
As for the current–time curves, the shape of the LAGP and NAGP
proles differs markedly from the KAGP prole.

The proles for the LAGP and NAGP samples both show
a clear depletion of the alkali ions with the concomitant
formation of a plateau-like region in the rst approx. 500 nm of
the depth prole for LAGP and 200 nm for NAGP, where part of
the native ions are not replaced on the time scale of the
experiment. The level of both plateaus is at about 10 percent of
the bulk ion concentration, i.e. here, 90 percent of the native
alkali ions have been displaced by protons. Overall, the
Fig. 5 Overlay of the experimental (orange and blue) and simulated
(black) concentration depth profiles for LAGP.

This journal is © The Royal Society of Chemistry 2024
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concentration of hydrogen is complementary to the alkali
concentration as expected for a 1 : 1 substitution. However, in
the rst 50 nm, the hydrogen concentrations is higher than
expected assuming charge conservation. This is a small effect,
probably due to a chemical reaction on the surface. The bulk ion
density for the LAGP is reached at a depth of around 900 nm,
while for the NAGP it is reached at a depth of around 400 nm.
This seems plausible, since the total charge transported in the
APS experiment of the LAGP sample was larger than that for the
NAGP sample. For both glasses, the diffusion front is rather
steep. For LAGP, the lithium and the hydrogen signals intersect
at approx. 720 nm and for NAGP the sodium and the hydrogen
signals intersect at 260 nm.

In the KAGP prole (Fig. 9), the intersection of the potassium
signal and the hydrogen signal occurs close to the beginning of
the prole at 0 nm depth. Thus, within the time of the experi-
ment only 50% of the native K+ ions have been replaced at the
front side of the sample. Another 50 percent of the potassium
ions remain in their corresponding sites and are not displaced
by the protons. For an even longer transport time the prole and
as a consequence also the intersection point would be driven
further into the sample. It is impossible to predict whether
a plateau would evolve at such extended times. In contrast to
LAGP/NAGP proles, the KAGP prole is at and rather deep.
The bulk concentration is reached at a depth of 1800 nm. The
observations described in this section will be rationalized by
theoretical modelling in the next section.

Simulation of the concentration depth proles

The concentration depth proles of the APS treated AAGP
samples from Fig. 5, 7, and 9 have been quantitatively simulated
by numerically solving the Nernst–Planck–Poisson equations
employing the Marburg-NPP code.37,38 The experimental and
computational parameters used for the best tting calculations
are given in Table 1.

The values for DA(xA = 1) in Table 1 show the same trend as
observed in the Arrhenius plots (see Fig. 4). Although the
experimental temperature for the KAGP glass is signicantly
higher than for the other two glasses, the actual diffusion
coefficient DA,0 is lower. Interestingly, this trend is not observed
for the diffusion coefficient of the hydrogen. The diffusion
coefficient of hydrogen in LAGP is higher than in the NAGP
Table 1 Overview of the experimental and computational parameters
NAGP and KAGP respectively. The bulk densities given here refer to the a
Arrhenius analysis (see Fig. 4). The values shown for DA(xA = 1) and G are t
(FWHM) of the SED functions employed is given in the last row. Uncerta

Parameter LAGP

Bulk density (A+)/1027 m3 6.44 (�2%) (Li+)
Temperature/°C 90 (�0.1)
Time/h 40.84
Eact/eV 0.78 (�0.03)
DA(xA = 1)/10−18 m2 s−1 2.62 (�10%)
DH/10

−19 m2 s−1 1.8 (�30%)
G/meV 73 (�20)
FWHM of SED/meV 114.6

This journal is © The Royal Society of Chemistry 2024
despite a higher temperature during the APS of NAGP. The high
diffusion coefficient of hydrogen for KAGP can be due to the
high temperature during the experiment. The data indicates
that the diffusion coefficient of hydrogen differs for each glass
system. However, a possible variation of DH with T is beyond the
scope of this work. The parameters listed in Table 1 are the ones
leading to the best agreement between the modelled and the
experimental proles. The comparison of these proles will be
discussed below, as well as the variation of diffusion coefficients
with the molar fraction xA. Note, that the molar fraction xA is
directly proportional to the ion density of the given glass. The
error margins of the determined values DA,0, DH and G are dis-
cussed in a later section and in the ESI.†

The best match between the theoretical and the experi-
mental concentration depth proles of the LAGP sample is
shown in Fig. 5. The simulated curves are shown in black. The
simulated proles show good agreement with the experimental
data. The agreement of the simulated proles is better for the
lithium curve than for the hydrogen curve. The experimental
hydrogen prole clearly shows concentration at the beginning
of the prole, which is higher than the bulk density of the
lithium ions. This behavior would not be in an agreement of the
charge conservation and therefore is not reected in our theo-
retical model. The diffusion coefficients of Li+ and H+ as
a function of x, which were used for the theoretical curves, are
shown in Fig. 6. While DH is set to a constant value (see Table 1),
DLi shows a strong concentration dependence. The red curve
shows the diffusion coefficient obtained by a SED function (see
eqn (6)) with G set to 73 meV. According to this curve, DLi

decreases from 2.62 × 10−18 m2 s−1 (xLi = 1) to approx. 1 ×

10−20 m2 s−1 for very small xLi. With this behavior for small xLi,
the plateau like regime of the lithium curve in the rst 500 nm
could not be realized. Therefore, we introduced an articially
reduction of the diffusion coefficient for xLi < 0.15. This
reduction is shown as the solid line at xLi < 0.15 in Fig. 6.
Effectively, this line represents an upper bound to the true
diffusion coefficient. At xLi < 0.15 the analysis is not sensitive to
smaller values of DLi. On the other hand, the sensitivity of the
theory to the experimental data is good for xLi > 0.15.

In previous work, the SED of Li+ ions in a LAGP glass with the
same composition has been determined by means of the fs-
plasma CAIT technique, where native Li+ ions were replaced
used in the simulations of the concentration depth profiles for LAGP,
lkali ion considered. The activation energies have been determined by
he values of the best fitting calculation. The full width at half maximum
inties are given in brackets

NAGP KAGP

6.67 (�2%) (Na+) 6.27 (�2%) (K+)
100 (�0.1) 190 (�0.1)
42.92 146.64
0.73 (�0.03) 0.98 (�0.03)
1.20 (�10%) 0.70 (�20%)
0.45 (�30%) 5.5 (�50%)
78 (�30) 80 (+70/−30)
122.52 125.66

J. Mater. Chem. A, 2024, 12, 14117–14128 | 14123
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Fig. 6 Plot of the diffusion coefficients DLi and DH as a function of the
molar fraction xLi. DH is constant. The solid line for DLi was used in the
calculation. DLi shows an artificial lowering of the diffusion coefficient
obtained by SED for xLi < 0.15 in order to get a better agreement
between the experimental and the simulated profile. The dotted line
shows the course of the diffusion coefficient without the lowering.

Fig. 7 Overlay of the experimental (blue and green) and simulated
(black) concentration depth profiles for NAGP.

Fig. 8 Plot of the diffusion coefficientsDNa andDH as a function of the
molar fraction xNa.DH is constant. The solid line forDNa was used in the
calculation.DNa shown an artificial lowering of the diffusion coefficient
obtained by SED for xNa < 0.13 in order to get a better agreement
between the experimental and the simulated profile. The dotted line
shows the course of the diffusion coefficient without the lowering.
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by foreign D+ ions. That analysis led to a value of G= 72meV,3 in
very good agreement with the value of G = 73 meV derived in
this work. The activation energies of the LAGP glass batch in the
work of Wiemer et al. was 0.73 eV,10 which is slightly lower than
the activation energy of the LAGP glass batch in this work with
0.78 eV. These differences are within the measurement uncer-
tainties. Therefore, the data are consistent with ref. 10. It
appears important to stress that in the work of Wiemer et al.10,11

a LAGP glass of the same stoichiometry was subjected to a CAIT
analysis. The experimental conditions, namely the temperature,
voltage and the transport duration of the experiment were vastly
different from this work. As a consequence, the absolute values
of the native Li+ ion diffusion coefficient were also different. But
the SED derived was basically the same as the one derived in
this work. This lends strong support to the conclusion that the
SED derived, in particular its width FWHM, for the native ions is
indeed characteristic for the material.

Overall, it is concluded, that the width of the SED in the
LAGP class derived using different techniques is representative
for the LAGP glass system.

In Fig. 7 the experimental and the simulated concentration
depth proles of the APS treated NAGP sample are shown. The
simulated proles are in a good agreement with the experi-
mental data. As for the LAGP, the experimental hydrogen curve
at small values of the depth is higher than the bulk density of
Na+ of the material. Again, this is considered a minor artefact of
the experiment. The concentration dependence of the diffusion
coefficient DNa is shown in Fig. 8 together with DH. The blue
curve is derived by assuming a SED with G = 78 meV (see eqn
(6)). DNa decreases from 1.20 × 10−18 m2 s−1 (for x = 1) to
approx. 4 × 10−21 m2 s−1 for small xNa. Employing the complete
diffusion coefficient derived from the SED function, the 200 nm
14124 | J. Mater. Chem. A, 2024, 12, 14117–14128
deep plateau of the sodium ions at the beginning of the prole
could not be replicated. Therefore, similar to the analysis of
LAGP, we articially decreased DNa for all values with xNa < 0.13
(solid curve in Fig. 8) to get a better match between experi-
mental and simulated prole. As in the case of the LAGP
sample, this line represents an upper bound to the true diffu-
sion coefficient. Here, at xNa < 0.13 the analysis is not sensitive
to smaller values of DNa. Overall, the sensitivity of the theory to
the experimental data is good for xNa > 0.13. As in basically all
our theoretical studies, the diffusion coefficient of the foreign
ion, DH, is assumed constant.

The calculated and the simulated concentration depth
proles of the KAGP sample are shown in Fig. 9. The simulated
curves t the experimental curves well. The diffusion
This journal is © The Royal Society of Chemistry 2024
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Fig. 9 Overlay of the experimental (blue and red) and simulated
(black) concentration depth profiles for KAGP.
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coefficients DK as a function of the molar fraction and DH are
shown in Fig. 10. DK decreases from 7.00× 10−19 m2 s−1 (for x=
1) to approx. 1 × 10−21 m2 s−1 for small xK. Note that DH is 5.50
× 10−19 m2 s−1. Therefore, the hydrogen ions have almost the
same diffusion coefficient as the potassium ions at bulk
concentration. This is in contrast to the results from the LAGP
and NAGP analyses. Because of the small difference of the
diffusion coefficients, the potassium ions are only replaced to
approx. 50 percent at the front of the sample. Furthermore, the
small difference in D values leads to a rather at diffusion front,
in contrast to the steep diffusion fronts in the LAGP and NAGP
proles. Since a maximum of 50 percent of the potassium ions
were displaced, no statement can be made about the course of
the diffusion coefficient for xK < 0.5. In other words, the APS
experiment at KAGP is only sensitive to the potassium ions
sitting in the energetically upper 50 percent of the available
sites.
Fig. 10 Plot of the diffusion coefficientsDK andDH as a function of the
molar fraction xK. DH is constant.

This journal is © The Royal Society of Chemistry 2024
Evaluation of condence interval for simulation parameters

The central result of this work is the sequence of parameters,
DA,0, DH and G, adjusted in the NPP simulations, in order to
obtain the best match between experimental and theoretical
concentration proles as shown in Fig. 5, 7 and 9. In the
following we discuss the uncertainty of these parameters, i.e.
the condence interval within which the match between
experiment and theory is still considered reasonable. This
condence interval is dened as the difference between the best
tting parameter and the one which produces the least
acceptable match. To this end, for each of the three AAGP
glasses, DA,0, DH and G were systematically varied. Ultimately
the condence intervals are included as uncertainties in Table
1, which summarized the results for the three glasses.

As the concentration depth proles of LAGP and NAGP
exhibit qualitative similarity but are substantially different from
the KAGP prole, the discussion is grouped accordingly.

The following clear trends emerge. The values for DA,0 are
precise with an uncertainty of 10% for LAGP/NAGP and 20% for
KAGP. This reects the high sensitivity the APS experiment has
towards the bulk diffusion coefficient of the alkali ions. In
contrast, the sensitivity of the diffusion coefficient of the ingo-
ing hydrogen ions is much lower, resulting in uncertainties of
30% for LAGP/NAGP and 50% for KAGP. The focus of this work
is on the width of the site energy distributions as given by the G
value in (7), respectively the corresponding FWHM. Here, the
uncertainty of the G value is ±20 meV for the LAGP and ±30
meV for the NAGP. For the KAGP the uncertainty is concluded to
be +70 meV/−30 meV. This translates into FWHM values of 114
meV, 122 meV and 126 meV, FWHM, for the LAGP, the NAGP
and the KAGP respectively. Thus, the uncertainty of all the NPP
parameters is largest for the KAGP. The main difference
between the LAGP/NAGP on one side and the KAGP on the other
is encoded in the ratio between the native diffusion coefficient
in the bulk region and the (concentration independent) diffu-
sion coefficient of the external proton. That ratio is close to 100
for LAGP and NAGP but it is less than 10 for the KAGP. The latter
implies that diffusion coefficient of the H+ is larger than that of
K+ for a signicant fraction of the K+ population. As a conse-
quence, a major fraction of the K+ appears immobile in this
experiment. For the experimental time chosen, this fraction
amounts to roughly 50% of the native K+ ions. From another
point of view the ratio between initial Dnative and Dforeign

determines the steepness of the diffusion front. The larger
Dnative/Dforeign is, the steeper is the diffusion front. Since this
ratio is smallest for the KAGP sample, its diffusion front is
particularly at.

For the illustration of the condence intervals the concen-
tration depth proles obtained for the NPP calculation
employing the limiting simulation parameters given in Table 1
are shown in the ESI (see Fig. S13–S21†). In general, higher
values for DA,0 lead to deeper proles with a steeper diffusion
front. Lower values lead to less deep proles and atter proles.
For DH and G the trend is the opposite.

Finally, in Fig. 11 the SEDs derived in this work are illus-
trated in a plot of the site density as a function of E–Eact as
J. Mater. Chem. A, 2024, 12, 14117–14128 | 14125
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Fig. 11 Site density as a function of E–Eact for all three AAGP glasses.
The FWHM of each function is given in Table 1.
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obtained by the theoretical analysis. Here, the pivotal observa-
tion is that the SED, i.e. the energetic distribution of available
sites for alkali ions, are indeed very similar for the three
different glasses. This leads to the conclusion that the SED in
the AAGP glass system is determined by the negatively charged
glass formers. The inuence of the corresponding alkali ion on
the potential energy landscape seems to be rather small.
Conclusion and summary

The APS is a technique for changing the structure of near-
surface areas of a glass sample. In the present work we use
the APS technique for the analysis of conductivities, potential
energy landscapes and concentration-dependent diffusion
coefficients for the rst time.

With the APS, H+ ions are generated on sputtered platinum
electrodes using an electric eld. According to the eld
gradient, these ions migrate into the sample and displace
native, mobile alkali ions there. This results in unique
concentration depth proles. In this work we have studied self-
synthesized AAGP glasses, with the general composition A1.5-
Al0.5Ge1.5(PO4)3 (with A= Li–K). By applying the Nernst–Planck–
Poisson theory we were able to simulate the experimental depth
proles. The concentration dependence of the diffusion coeffi-
cients of the respective alkali ions could be obtained by
modeling a potential-energy landscape of a dened width. The
ndings of the analysis show a pronounced concentration
dependency for all three glass systems. The full width at half
maximum (FWHM) of the site energy distribution is found to be
114 meV, 122 meV and 126 meV, FWHM, for the LAGP, the
NAGP and the KAGP respectively. The observation that the
width of the alkali ion site distribution function is very similar
for LAGP, NAGP and KAGP implies that the glass matrix is
dominated by the network former but effectively independent of
the type of alkali ion in question. The FWHM of the site energy
distribution determined here is signicantly lower than in
borate glasses (FWHM around 300 meV)9 and calcium phos-
phate glasses (FWHM around 200 meV).8
14126 | J. Mater. Chem. A, 2024, 12, 14117–14128
The accuracy of the simulated values has been specied with
the help of parameter variations. The accuracy of the diffusion
coefficients of the alkali ions is 10% for LAGP and NAGP and
20% for KAGP. For the respective diffusion coefficients of
hydrogen, the uncertainties are 30% (LAGP/NAGP) and 50%
(KAGP). The width of the potential energy landscape in our
model was determined to an accuracy of ±20 meV (LAGP), ±30
meV (NAGP) and +70 meV/−30 meV (KAGP). The slightly lower
accuracy of the values for KAGP, as well as the qualitatively very
different depth prole for KAGP, can be rationalized by the
small difference in the diffusion coefficients for K+ and H+.
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