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1. Materials 
1.1   Sample preparation 

Lithium borate glass with a composition of 30% Li2O and 70% B2O3 (Li3B7O12) is prepared 
by means of the melt-quenching method.1,2 Lithium carbonate is first dried for 12 h at 110°C and 35 
then mixed with boric acid. The mixture is ground thoroughly in an agate mortar and subsequently 
poured into a platinum crucible. The mixture is then slowly heated to 1100°C to slowly release 
water vapor and carbon dioxide from the reagents. In order to obtain a homogeneous melt, the 
heating process continues for 2 h at the same temperature. Afterwards, the melt is poured into a 
mold at a temperature of 450°C. The formed glass is relaxed at the same temperature for 15 h and 40 
then cooled slowly to 80°C to prevent breaking the glass. The product is removed from the mold 
and is cut into discs with a cutting machine (Mecatome T180, PRESI). The sample is then polished 
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at both sides with a polishing machine (LaboPol-5, Struers) as well as polishing cloths (PT Plan 
S, CLOEREN TECHNOLOGY GmbH) and paste (6-KD-C3 and 3-KD-C3, Kemet). Samples with 
a thickness between 1.9 - 2.7 mm were obtained at the end of this process. For improving the 
electrical contact between the sample and the copper electrode, the back side of the sample is 
sputter coated (EM ACE600, Leica) with a 100 nm thick platinum layer and covered with silver 5 
paste (Heat-Away 641-EV, Kager GmbH). 
 
 
2. Methods 

 10 
2.1 Charge-Attachment Induced Transport (CAIT) 

The back side of the sample is attached to a single grounded electrode, while an ion beam 
(K+, Rb+ or Cs+) is directed onto the front side of the sample. Once the ions arrive at the sample 
front surface, they softly attach and charge the surface. A well-defined (positive) electric potential 
and surface ion density establish, leading to a potential and concentration gradient that drive the 15 
motion of the positive charge carriers towards the grounded back-side electrode. Negative charge 
carriers are not mobile in the samples. Positive charge carriers arriving at the back side are 
neutralized and ultimately form a metal layer at the interface between the sample and the back-
side electrode. After a short time, a stationary state forms where for every charge carrier 
neutralized at the back side, a charge carrier from the beam is attached to the front side of the 20 
sample. In this situation, the electric potential, the recorded current and the charge carrier 
concentration attached to the surface of the sample become time-independent. Ultimately, there is 
a quasi-stationary cloud of charge carriers present in front of the sample surface which from the 
viewpoint of transport theory represents an infinite source and from the viewpoint of 
electrochemistry represents a virtual electrode.  25 

In the course of this macroscopic, time-dependent transport experiment, ions from the 
external ion beam enter the sample surface, occupying sites that have been abandoned by the 
Lithium ions moving towards the sample back side in a push-pull process. As a consequence, a 
depletion / replacement zone evolves, where foreign ions (i.e. K+, Rb+ or Cs+ ions) have replaced 
native Li+ ions.  30 

 
2.2 Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) 

The depletion / replacement zones evolving during the CAIT experiment are ex-situ 
quantified by means of chemical microscopy, where concentration – depth profiles were measured 
by Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS). ToF-SIMS measures the 35 
chemical composition with very high mass resolution (m/Delta_m = 15000) and single-particle 
counting characteristics. The measurement process involves repetitive analysis and sputtering 
cycles providing a depth resolution in the transport direction of better than 2nm. 

During the analysis cycle, a Bi+ ion beam with a current of 1 pA is used to analyze the sample 
on an area of 100 x 100 µm in 128 by 128 spots. The secondary ions are then abstracted and 40 
analyzed with a time-of-flight mass spectrometer. The mass spectrum yields the composition of 
the material. The results from the 128 by 128 spots are summed up to obtain the average 
composition of the entire layer. Subsequently, the sample surface is removed employing an O2+ 
beam with a current of around 80 nA onto a 300 x 300 µm area, making the layer beneath accessible 
for the Bi+ ion beam. The bigger area for the sputtering process is chosen to prevent artificial edge 45 
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effects from the formed crater. By applying both beams alternatingly, a concentration-dependent 
intensity of the studied fragments is measured as a function of sputtering time. An electron flood 
gun is also applied during the measurement for compensating the charge build-up during the 
sputtering process. 
 5 

 
2.3 Transfer of raw-data into concentration profiles 

The result of the ToF-SIMS analysis yields data in the format “Poisson-corrected counts as 
function of sputter seconds”. In order to transfer the data into quantitatively evaluable data, a 
normalization procedure is applied. 10 

In a first step of this procedure, the traces of all stable isotopes of the desired elements are 
summed up. This applies for Li (6Li+7Li), K (39K+41K) and Rb (85Rb+87Rb). 133Cs is the only stable 
Cs isotope. These raw data are shown in Fig. S1. 

 

 15 

Fig. S1. 
Raw data of the Rb-CAIT experiment. The graph shows the raw data of the Rb-CAIT experiment. In blue the two Li 
isotopes and in green the two Rb isotopes are shown. Rb has replaced a significant amount of the native Li in the 
first 200 nm below the sample surface. 
 20 

 
 
The depth axis can be calibrated by measuring the crater depth of the ToF-SIMS crater by 

means of a tactile profilometer (Bruker DektakXT). The total sputter time corresponds to the total 
depth of the crater. A reference ToF-SIMS measurement stopped at the diffusion front of the 25 
profile indicates that the sputter rate in the diffusion zone does not differ from the sputter rate in 
the bulk of the sample. We therefore can assume the sputter rate to be constant throughout the 
ToF-SIMS measurement and linearly transform sputter time into depth. The process for obtaining 
the crater depth is described in the following. 

 30 
The depth-profiling process formed a crater with a lateral dimension of 300 x 300 μm and a 

specific depth dcrater. The depth of the crater is determined by scanning the topography of the crater 
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in x-axis with a profilometer. An example of the scanned topography is shown in Fig. S2. The 
crater depth is calculated through the difference in the level in z-axis of the sample surface (red 
colored region) and the valley (blue colored region). The red and blue colored regions also depict 
the regions in which the step heights are averaged. The process is repeated at two other positions 
of the crater in order to obtain an averaged value for the crater depth. This value is then used to 5 
calculate the sputter rate and convert sputter time into sputter depth. 

 
 

 

Fig. S2. 10 
Scanned topography through x-axis of a crater. The scanned topography delivers the crater depth which was 
measured between the level in z-axis of the sample surface (red colored region) and the valley (blue colored region). 
The colored regions also depict the regions in which the step heights were averaged. A crater depth of 96.2 nm was 
obtained from this scanned topography. 
 15 

 
 We assume a linear relation between the Poisson corrected ion intensities of the ToF-SIMS 

measurements, 
 𝑛୧ = 𝑎 ∙ 𝐼୧ 

 (S 1) 𝑛 = 𝑏 ∙ 𝐼 
 (S 2) 

where 𝑛୧ and 𝑛 are the native Li ion density and the density of the foreign ion M, 𝐼୧ and 𝐼 are 20 
the counts of the ToF-SIMS measurements, and 𝑎 and 𝑏 are proportionality constants. Deep in the 
material, the sample is unchanged and the profile represents the situation in the bulk of the sample. 
In this regime, the number of Poisson-corrected counts gives the bulk Li ion density (foreign ions 
from the beam are not present in this regime). We can therefore determine 𝑎 from the average 
number of Li counts in the bulk region 25 

 𝑛୧,ୠ୳୪୩𝐼୧,ୠ୳୪୩௩ = 𝑎 

 
(S 3) 
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The diffusion zone where the foreign ions from the beam have replaced a part of the Li ions 
is electroneutral in very good approximation. Therefore the foreign ions from the beam replace the 
native ions in a 1:1 ratio. We can therefore write  

 𝑛୧,ୠ୳୪୩ = 𝑛୧(𝑥) + 𝑛(𝑥) = 𝑎 ∙ 𝐼୧(𝑥) + 𝑏 ∙ 𝐼(𝑥) 
 (S 4) 

The proportionality factor 𝑏 is determined by performing a least- squared error analysis in the 5 
replacement zone with respect to the charge conservation condition 
 𝑏 =  ∑ ଶ⋅ై,ౘ౫ౢౡ⋅ூಾ(௫)ି∑ ଶ⋅⋅ூై(௫)ூ(௫)∑ ଶ⋅ூమ (௫)  . 

 
(S 5) 

The sums in this expression run over x-values of the respective diffusion zones. The result of this 
normalization procedure is shown in Fig. S3.  
 10 

 

Fig. S3. 
Result of the first normalization procedure. The graphic shows the concentration profiles of Li+ and Rb+ as a 
function of depth below the front surface. Evidently, a zone of 100 nm depth evolved where Rb+ replaced most of the 
Li+. The diffusion front is sharp with a width of about 25 nm. A plateau of Li+ is observed at 7% of the original bulk 15 
Li+ density in the replacement zone. This plateau corresponds to Li+ ions immobile during the CAIT experiment. 
Simulations based on the Nernst-Planck Poisson equations yield a time-independent value of the plateau in good 
approximation. The orange trace shows the sum of the normalized Li and Rb signals. At the diffusion front and 
directly at the sample surface, deviations from the bulk ion signal are visible which appear to be caused by small 
amount of excess charges. The deviation from bulk density is overestimated by the ToF-SIMS measurement. 20 
 
 

At the diffusion front, the normalization does not perfectly work out. Here, the sum of the two 
normalized signals yields a charge carrier density that is a smaller than the bulk density. The reason 
for this deviation is that a small amount of charge is accumulated in the diffusion front. Physically, 25 
this excess charge must be present because of the modified specific conductivity in the replacement 
zone, which requires the electric field in the replacement zone to be different from that in the bulk 
region. Calculations based on the Nernst-Planck-Poisson theory suggest that the charge excess 
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corresponds to a lack of ion density on the order of less than one ppm of the bulk ion density. 
However, the ToF-SIMs method overestimates the density lack as charged surfaces reduce the 
detection probability of the ToF-SIMS machine. As a consequence, a normalization step is 
introduced where the traces of the charge carriers are scaled such that in sum bulk density is 
observed (normalization method 1), 5 

 𝑛୧,୬୭୰୫ଵ(𝑥) = ై(௫)ై(௫)ା(௫) , 
 

(S 6) 𝑛,୬୭୰୫ଵ(𝑥) = (௫)ై(௫)ା(௫) . 
 

(S 7) 

Alternatively, the deviation of the bulk density 𝛥𝑛 = 𝑛୧(𝑥) + 𝑛(𝑥) −  𝑛୧,ୠ୳୪୩ can be evenly 
distributed to both charge carrier traces (normalization method 2), 

 𝑛୧,୬୭୰୫ଶ(𝑥) = 𝑛୧(𝑥) − ௱ଶ  , 
 

(S 8) 𝑛,୬୭୰୫ଶ(𝑥) = 𝑛(𝑥) − ௱ଶ . 
 

(S 9) 

The two normalization methods represent two extremal cases. Method 1 implies that the 10 
error size is proportional to the signal size, and method 2 implies that the error is an absolute error. 
The true charge carrier density is most likely in between these two extremal cases. The results of 
the two normalization procedures are shown in Fig. S4. 
 

 15 
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Fig. S4. 
Concentration depth profiles of Lithium and the corresponding foreign ion for the three different CAIT 
experiments with foreign ions K+ (A), Rb+ (B) and Cs+ (C). The blue lines show the experimental concentration 
depth profiles of the native Li+ ions. The concentration profiles of K+, Rb+ and Cs+ are shown in red, green and 5 
magenta. Each of the profiles shows a plateau of the Li+ concentration in the replacement zone. The plateau is 
higher for smaller foreign ions. The dashed and solid curves in Fig. S4 A-C refer to the two different normalization 
methods 1 and 2 discussed above. 

 
 10 

 
2.4 Nernst-Planck-Poisson equations 

The experimental concentration depth profiles are a result of hopping processes within an 
energetically disordered potential energy landscape. The ion motion starts locally but extends 
spatially to a long-range regime.  15 

The long-range transport of ions can be modeled within the mathematical framework of 
coupled Nernst-Planck and Poisson equations that describe the charge carrier transport with 
effective diffusion coefficients1,2,3,4.  

The ion beam in the CAIT experiment shines homogeneously on a disk like area on the sample 
surface such hat within this area lateral or angular concentration gradients are not expected. 20 
Electric field gradients exist only perpendicular to the sample surface and the aspect ratio of the 
sample is typically smaller than 1:10. Therefore, we may neglect charge carrier motion in lateral 
or angular direction and restrict to transport perpendicular to the sample surface. The one-
dimensional charge carrier flux density, 𝐽, is given by the Nernst-Planck equation (for references, 
see the main text) 25 𝐽 = −𝐷 ൬𝜕𝑛𝜕𝑥 + 𝑛 𝜕𝜑𝜕𝑥 𝑍𝑒𝑘𝑇൰ ,  

 
(S 10) 

which describes the transport of the charge carrier species i as a function of a concentration 
gradient 𝜕𝑛/𝜕𝑥, an electric potential gradient ∂𝜑/𝜕𝑥 and the effective diffusion coefficients 𝐷. 
The charge of species i is 𝑍𝑒, and 𝑘𝑇 is Boltzmann’s constant times the temperature.  
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Whenever charge carriers move inside a solid sample, the electric potential inside the sample 
is affected. In order to account for that effect, the charge carrier distribution and the electric 
potential have to be treated self-consistently by solving Poisson’s equation, 

 𝜀ε డ²ఝడ௫² = ∑ ൫𝑛 − 𝑛,ୠ୳୪୩൯ 𝑍𝑒 . (S 11) 

 5 

Here, ε is the dielectric constant (relative permittivity) and 𝜀 is the vacuum permittivity. Prior to 
the CAIT experiment, the charge carrier density equals the bulk density 𝑛,ୠ୳୪୩ everywhere in the 
sample and the glass is electro-neutral. Excess charges arising from the attachment of foreign ions 
lead to a build-up of a positive surface potential. As the diffusion coefficient of the foreign ion 
generally differs from the diffusion coefficient of the native ion, the replacement zone exhibits a 10 
modified specific conductivity compared to the bulk of the sample. As a consequence, the electric 
field in the replacement zone is different from the field in the bulk. As a result, a small negative 
charge accumulation is expected to be present at the diffusion front. Both effects, the charging and 
the modification of the field are taken into account by Eq. (S11). 

Finally, the time dependence of the transport is introduced by Fick’s second law that ensures 15 
particle number conservation, డడ௧ = − డడ௫ . (S 12) 

The boundary conditions of the electric field are defined by the experimental setup and the 
geometry of the sample. The back-side electrode is grounded such that we set the value of the 
electric field zero there neglecting offset voltages that could arise due to electrochemical processes. 
At the front side of the sample a maximum of the electric potential is expected since a grounded 20 

aperture is positioned in front of the sample surface. We therefore assume பఝడ௫ = 0 at the front 
surface of the sample. 

Technically, we discretize the sample into space grid elements. The space grid elements are 
small close to the front surface of the sample where the concentrations change during the 
experiment and large at the sample back side where the bulk composition remains 1. The 25 
discretization of Poisson’s equation (S11) implies that the electric potential in a certain space grid 
element can be calculated knowing the electric potential in the adjacent space grid elements and 
the excess charge Qex in the space grid element of interest 1. Modification of the electric potential 
in a certain space element due to charge carrier motion therefore also influences the potential in 
adjacent increments – an iterative solution of the electric potential is needed.  30 

Initially, the sample is electro-neutral and charge carriers are introduced via the ion beam. 
Every calculated time step, the potential is updated. The boundary conditions of the electric 
potential in this case enter the iterative calculation via the first and the last space element. If the 
space grid contains N elements with their centers xi and their respective sizes dxi, the potential 
iteration at the boundaries of the sample reads 35 

 

𝜑(𝑥ଵ) = 𝜀𝜀 ቀ𝜑(𝑥ଶ) 𝑑𝑥ଵ2 + ቀ𝜑(𝑥ଵ) − 𝜑(𝑥ଵ) 𝑑𝑥ଵ2𝑑ቁ 𝑑𝑥ଵ + 𝑑𝑥ଶ2 ቁ + 𝑄௫(𝑥ଵ) 𝑑𝑥ଵଶ2 𝑑𝑥ଵ + 𝑑𝑥ଶ2𝜀𝜀 𝑑𝑥ଵ2 𝑑𝑥ଵ + 𝑑𝑥ଶ2  

(S 13) 
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𝜑(𝑥ே) = 𝜀𝜀 ቀ𝜑(𝑥ேିଵ) 𝑑𝑥ே2 ቁ + 𝑄௫(𝑥ଵ) 𝑑𝑥ேଶ2 𝑑𝑥ேିଵ + 𝑑𝑥ே2𝜀𝜀 𝑑𝑥ேିଵ + 𝑑𝑥ே2 𝑑𝑥ே2  
(S 14) 

The condition (S 13) reflects that the electric potential is maximal at the front surface position 𝑥ଵ and drops in front of the sample surface toward a ground lens that is positioned in a distance 
dL. In a physical sense, 𝑑𝑥ଵ represents the surface roughness of the sample. Potential steps that 
may stem from the material interface are neglected. The condition (S 13) takes into account that 5 
the backside of the sample at position 𝑥ே + 𝑑𝑥ே/2 is grounded. Contact potentials between the 
glass and the electrode are neglected. Note, that in general 𝑑𝑥ଵ ≪  𝑑𝑥ே. 

Initially, the sample is filled with bulk concentration of the native ion species. The 
concentration of the foreign ions from the beam is zero. The ion beam current Ibeam shining onto 
the sample surface A introduces a foreign charge carrier flux Jbeam=Ibeam/(ZA) into the first space 10 
grid element. Z is the charge of the ion species that impinges on the surface. The source current is 
switched on as long as the potential in the first space grid element does not exceed the repeller 
potential UR that defines the kinetic energy of the impinging ions. Else the ion beam is switched 
off. Ions that reach the back side of the sample are removed from the calculation and their ion 
current is interpreted as neutralization current. 15 

Knowing the composition and the geometry of the sample, the only free parameters in solving 
the NPP equations (Eqs. S 10, S11 and S12) are the diffusion coefficients, Di, of the native and the 
foreign (external) ion. By matching concentration profiles from experiment and simulation, we 
have determined the diffusion coefficients. 
 20 

 
2.5 Site-energy distribution related macroscopic transport coefficients 

We here present a description of the Li diffusion coefficient based on the assumption that the 
activation energy of the lithium ions is given by the difference between a concentration-
independent critical energy and a concentration-dependent Fermi energy of the native lithium ions. 25 
The critical energy corresponds to the minimal site energy that needs be surmounted by a single 
ion for moving over long distances, i.e. to generate long-range transport of the lithium ions.  

In the amorphous structure of the glass, the mobile ions move in a disordered potential energy 
landscape. Directed motion occurs in the presence of a gradient of the electrochemical potential 
5,6. The mobile ions dwell in local energy minima (sites) in the energy landscape and need to 30 
overcome energy barriers if they hop from site to site. The distribution of local barriers heights is 
important for the description of AC experiments where the high frequency of polarity changes 
restricts the ion motion to the local vicinity of the original site. In CAIT experiments, where a 
constant voltage is applied for hundreds of hours, a directed motion over a long spatial distance 
(several hundred nanometer) occurs. In this situation, an effective energy threshold applies that 35 
needs to be overcome by the transported ions. The activation barrier of a single ion in this situation, 
is then defined by the difference between the threshold for long range transport and the original 
site energy. In the macroscopic analysis of the transport data, the discussion is based on 
observables, here, the bulk activation energy measured in a reference experiment. The measured 
activation energies apply to the bulk situation where energetically the site energy distribution 40 
(SED) is filled up from the bottom to the topmost occupied energy value – the bulk Fermi energy. 
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The ions close to the Fermi energy will dominate the measurable ion current and define the 
detected activation energy. 

If a temporally constant external electric field is applied, those ions with the lowest activation 
energies will move first out of their sites. Restricting the discussion to one single ion species, the 
occupation of the sites will be depopulated from the top of the site energy distribution to the 5 
bottom. As a consequence, the energy difference between the highest occupied sites and the 
effective threshold energy for the long-range transport rises. Hence, the activation energy rises 
when the concentration of the ion species decreases. The consequence is a concentration-
dependent diffusion coefficient for the ion that is native to the investigated glass. 

In order to calculate the relation between the SED and the concentration dependent diffusion 10 
coefficient, we consider the SED S(E) resembles a Gaussian function, which can be approximated 
by a sin²-function. For our CAIT experiments on Li3B7O12, we assume a bimodal distribution with 
an energetically higher and lower SED branch, where the lower branch takes into account the 
presence of immobile Li ions: 

 15 𝑆(𝐸) = 𝑆ଵ ଶభగ sin² ቀ(ாିாబ)భ + గଶቁ+𝑆ଶ ଶమగ sin² ቀ(ாିாబ)మ + గଶ + గభమ ቁ . (S 15) 
 
Here, Si and Γi, i=1,2, are the total density of available sites and widths of the energetically 

higher and lower SED branch, respectively, and 𝐸 is the energetic center of the distribution. 𝑆ଵ 
and 𝑆ଶ define at which concentration the drop of the Li+-diffusion coefficient is observed. The sum 
of the two is chosen to be 10% larger than the density of Li+ ions in the native glass resembling 20 
10% vacant sites. The distribution is filled up from bottom to the top of the SED. The highest 
occupied energy at bulk density defines the Fermi-energy 𝐸(𝑛ୠ୳୪୩) of the Li ions in the native 
glass. We set the threshold energy for long range transport arbitrarily to zero. Consquently,  𝐸ୟୡ୲(𝑛ୠ୳୪୩) = 0 − 𝐸(𝑛ୠ୳୪୩) applies. We therefore set 𝐸 such that 𝐸(𝑛ୠ୳୪୩) = −𝐸ୟୡ୲(𝑛ୠ୳୪୩) is 
fulfilled. Since the SED is depopulated from top to bottom, the Fermi level decreases and thus the 25 
effective activation energy increases. The concentration dependent activation energy is given by 
the implicit equation 

 𝑛 = න 𝑆(𝐸)𝑑𝐸ିாౙ౪()
ିஶ . 

 
(S 16) 

 
From the activation energy, we can derive the concentration dependent diffusion coefficient 30 

via a simple Arrhenius law 
 𝐷(𝑛) = 𝐷୭exp ቀ− ாౙ౪()ಳ் ቁ, 

 
(S 17) 

Where Do is the pre-exponential factor. We determine the conductivity and Eact of the unmodified 
Li3B7O12 sample in a reference experiment. We then adjust Do in the NPP calculation to match the 
experimentally observed conductivity and thereby take into account that concentration and 35 
potential gradient contribute to the overall measured sample conductivity. 
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2.6 Error margin of D(n) and Γ1 
The concentration dependent Li-diffusion coefficient are determined by comparing the result of 
the NPP calculation versus the experimentally generated profiles. For that purpose a large number 
of simulations is executed and compared to the experiment. The question arises how sensitive is 
this analysis with respect to the desired observable DLi(n). In order to realize different DLi(n), Γ1 5 
in Eq. (S13) is varied corresponding to different widths of the SED of the mobile Li+ ions. A 
variation of Γ2 hardly influences the observed profiles as Γ2 corresponds to the immobile Li+ ions.  
The influence of different DLi(n) on the concentration profiles is shown in Fig. S5. Sub-figures A 
and B show the concentration profiles and DLi(n) of the K+-CAIT, subfigures C and D (E and F) 
show the same for the Rb+-CAIT (Cs+-CAIT). In all the cases Γ1=0.135 eV (solid), Γ1=0.16 eV 10 
(dashed) and Γ1=0.18 eV (dotted line) are presented.  
 
 

     
 15 
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Fig. S5. 
Uncertainty of DLi(n). The NPP simulations yield concentration profiles that agree with the experimentally 
measured ones. The error margin within which DLi(n) can be determined is illustrated. Subfigure A shows the 5 
concentration profiles of the K-CAIT that are found if the diffusion cofficients given in subfigure B are used in the 
NPP calculations. Correspondingly, subfigures B and C (D and E) show an analogous variation of DLi(n) for the 
Rb-CAIT (Cs-CAIT). The variation of DLi(n) is realized by changing the width of the SED of the mobile Li+ ions Γ1 
(Eq. S12) 
 10 
 
 
The three Γ1 values lead to changes in DLi(n) mainly for Li concentrations between nLi/nbulk = 0.2 
and nLi/nbulk=0.7 where DLi(n) varies by a factor of more than 10. However, the different Γ1 do not 
affect the Li-bulk diffusion coefficient DLi(nbulk) and the concentration at which DLi shows a quick 15 
drop with falling concentration: nLi/nbulk = 0.2 (K-CAIT), nLi/nbulk = 0.1 (Rb-CAIT) and nLi/nbulk = 
0.03 (Cs-CAIT). In the cases of the Rb- and the Cs-CAIT all three DLi(n) yield similar 
concentration profiles, in the K-CAIT the shown variation of DLi(n) slightly influences the 
observed profiles. We are therefore relatively insensitive to changes in DLi(n) at intermediate 
concentrations between nLi/nbulk = 0.2 and nLi/nbulk=0.7.  20 
 However, already a small change of the bulk diffusion coefficient of less than 5% would lead to 
profile depths that are incompatible with the experimental findings. The same applies to Li 
diffusion coefficients in the vicinity of the foreign diffusion coefficients. The concentration at 
which the native diffusion coefficient intercept and rapidly drops below the foreign diffusion 
coefficient determines the value of the Li-concentration plateau in the profile which is accurately 25 
known. We may state that with decreasing Li+ concentration DLi(n) must drop quickly at least three 
orders of magnitude below the foreign diffusion coefficient. Otherwise, the Li-concentration 
plateau exhibits a significant slope that is not found in either of the experiments. From the 
comparison between experiment and NPP calculations, we therefore estimate that Γ1=0.16 +/- 0.03 
eV yields concentration dependencies of DLi(n) giving good agreement between calculated and 30 
measured concentration profiles in all three CAIT experiments. 

The diffusion coefficient of the foreign ion strongly influences the slope of the diffusion front 
in the CAIT experiments. A variation of about 10% from the values given in this work already 
leads to disagreement with the experiment. 

 35 
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2.7 Relation between Onsager transport coefficients and effective diffusion coefficients 
 

We start from the standard Onsager equations for electrochemical transport 7,8,9,10,11. 
 
 5 𝑗ଵ =   − 𝐿ଵଵ 𝜕𝜇ଵ..𝜕𝑧 − 𝐿ଵଶ 𝜕𝜇ଶ..𝜕𝑧  
 

(S 18) 

𝑗ଶ =   − 𝐿ଶଵ 𝜕𝜇ଵ..𝜕𝑧 − 𝐿ଶଶ 𝜕𝜇ଶ..𝜕𝑧  
 

(S 19) 

 
Employing 𝜇ఈ.. = 𝑞ఈ𝜙 + 𝜇ఈ and applying  డఓഀడ௭ = ∑ డఓഀడഀ డഀడ௭  ఈ , we find the following set 

of equation  
 𝑗ଵ = −(𝑞ଵ𝐿ଵଵ + 𝑞ଶ𝐿ଵଶ) 𝜕Φ𝜕𝑧 − ൬𝐿ଵଵ 𝜕𝜇ଵ𝜕𝑛ଵ + 𝐿ଵଶ 𝜕𝜇ଶ𝜕𝑛ଵ൰ 𝜕𝑛ଵ𝜕𝑧 − ൬𝐿ଵଵ 𝜕𝜇ଵ𝜕𝑛ଶ + 𝐿ଵଶ 𝜕𝜇ଶ𝜕𝑛ଶ൰ 𝜕𝑛ଶ𝜕𝑧  

 
(S 20) 

𝑗ଶ = −(𝑞ଵ𝐿ଶଶ + 𝑞ଶ𝐿ଶଵ) 𝜕Φ𝜕𝑧 − ൬𝐿ଶଶ 𝜕𝜇ଶ𝜕𝑛ଶ + 𝐿ଶଵ 𝜕𝜇ଶ𝜕𝑛ଵ൰ 𝜕𝑛ଶ𝜕𝑧 − ൬𝐿ଶଶ 𝜕𝜇ଶ𝜕𝑛ଶ + 𝐿ଶଵ 𝜕𝜇ଶ𝜕𝑛ଵ൰ 𝜕𝑛ଶ𝜕𝑧  

 
(S 21) 

 10 
We evaluate the brackets, sort the terms with respect to the Lij and find 

 𝑗ଵ = −(𝑞ଵ𝐿ଵଵ + 𝑞ଶ𝐿ଵଶ) 𝜕Φ𝜕𝑧 − 𝐿ଵଵ ൬𝜕𝜇ଵ𝜕𝑛ଵ 𝜕𝑛ଵ𝜕𝑧 + 𝜕𝜇ଵ𝜕𝑛ଶ 𝜕𝑛ଶ𝜕𝑧 ൰− 𝐿ଵଶ ൬𝜕𝜇ଶ𝜕𝑛ଵ 𝜕𝑛ଵ𝜕𝑧 + 𝜕𝜇ଶ𝜕𝑛ଶ 𝜕𝑛ଶ𝜕𝑧 ൰ 

 

(S 22) 

𝑗ଶ = −(𝑞ଵ𝐿ଶଵ + 𝑞ଶ𝐿ଶଶ) 𝜕Φ𝜕𝑧 − 𝐿ଶଵ ൬𝜕𝜇ଵ𝜕𝑛ଵ 𝜕𝑛ଵ𝜕𝑧 + 𝜕𝜇ଵ𝜕𝑛ଶ 𝜕𝑛ଶ𝜕𝑧 ൰− 𝐿ଶଶ ൬𝜕𝜇ଶ𝜕𝑛ଵ 𝜕𝑛ଵ𝜕𝑧 + 𝜕𝜇ଶ𝜕𝑛ଶ 𝜕𝑛ଶ𝜕𝑧 ൰ 

 

(S 23) 

 
The CAIT experiment demands several boundary conditions: If the sample of interest is an 

ion conducting glass, there is usually a very large amount of mobile charge carriers present. In this 15 
situation, Poisson’s equation enforces charge neutrality in most parts of the sample. A small 
violation of this condition is found at the diffusion front where a negative or positive excess charge 
can be present, originating from the fact that the resistivity in the ion exchanged region in general 
differs from that of the bulk. The number density of charge carriers corresponding to this charge 
accumulation amounts to less than 0.1 permille of the bulk ion density in most glasses. As a 20 
consequence the number density conservation of charge carriers holds throughout the sample in 
very good approximation for charge carriers with equal charges q1=q2=q. We may therefore state  

 



 

14 
 

 𝑛ఈ = 𝑛ଵ + 𝑛ଶ = 𝑛௧௧ ∶= 𝑛௨ఈୀଵ  (S 24) 

 
This condition demands that a 1:1 substitution of native ions by foreign ions and implies for each 
finite grid element 

 𝜕𝜕𝑧  𝑛ఈ = 𝜕𝑛ଵ𝜕𝑧 + 𝜕𝑛ଶ𝜕𝑧 = 0ఈୀଵ  

 

(S 25) 

𝜕𝑛ଵ + 𝜕𝑛ଶ = 0 
 (S 26) 

 5 
For the fluxes, 
 𝑑𝑗ଵ = − 𝑑𝑗ଶ (S 27) 𝑗ఈ = 𝑗௧௧ = 𝑐𝑜𝑛𝑠𝑡ఈୀଵ  (S 28) 

 
must hold, otherwise charge accumulation would occur. Since we pointed out above, that Eqs. 
(S25) and (S26) is obeyed, it follows, that  10 

 − 𝜕𝑛ଵ𝜕𝑧 = + 𝜕𝑛ଶ𝜕𝑧  
 

(S 29) 
 − 𝜕𝜇ଵ𝜕𝑛ଵ = + 𝜕𝜇ଵ𝜕𝑛ଶ (S 30) 

 
This leads to the relation  

 − 𝜕𝜇ଵ𝜕𝑛ଵ 𝜕𝑛ଵ𝜕𝑧 − 𝜕𝜇ଵ𝜕𝑛ଶ 𝜕𝑛ଶ𝜕𝑧 = − 𝜕𝜇ଵ𝜕𝑛ଵ 𝜕𝑛ଵ𝜕𝑧 + 𝜕𝜇ଵ𝜕𝑛ଶ 𝜕𝑛ଵ𝜕𝑧                                           =  ൬− 𝜕𝜇ଵ𝜕𝑛ଵ + 𝜕𝜇ଵ𝜕𝑛ଶ൰ 𝜕𝑛ଵ𝜕𝑧                                           =  ൬− 𝜕𝜇ଵ𝜕𝑛ଵ − 𝜕𝜇ଵ𝜕𝑛ଵ൰ 𝜕𝑛ଵ𝜕𝑧               = −2 𝜕𝜇ଵ𝜕𝑛ଵ 𝜕𝑛ଵ𝜕𝑧  

 (S 31)

 15 
 
We plug relation (S31) into Eqs. (S22) and (S23) and obtain 
 𝑗ଵ = −(𝐿ଵଵ + 𝐿ଵଶ)𝑞 𝜕Φ𝜕𝑧 − 2𝐿ଵଵ 𝜕𝜇ଵ𝜕𝑛ଵ 𝜕𝑛ଵ𝜕𝑧 − 2𝐿ଵଶ 𝜕𝜇ଶ𝜕𝑛ଵ 𝜕𝑛ଵ𝜕𝑧  

 

(S 32) 
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𝑗ଶ = −(𝐿ଶଵ + 𝐿ଶଶ)𝑞 𝜕Φ𝜕𝑧 − 2𝐿ଶଵ 𝜕𝜇ଵ𝜕𝑛ଶ 𝜕𝑛ଶ𝜕𝑧 − 2𝐿ଶଶ 𝜕𝜇ଶ𝜕𝑛ଶ 𝜕𝑛ଶ𝜕𝑧  (S 33) 

 
 
We observe that in this general expression, the migration part (first term) depends on the 

diagonal and off-diagonal Onsager coefficients but not on the chemical potential. The chemical 
diffusion part (second and third term) depends on the chemical potential of both ions and on the 5 
diagonal and off-diagonal Onsager coefficients as well. 

 
 
 

2.8 Neglecting Onsager Cross-Terms L12 and L21 10 
 
If we neglect the Onsager Cross terms, we find 
 𝑗ଵ = −𝑞𝐿ଵଵ 𝜕Φ𝜕𝑧 − 2𝐿ଵଵ 𝜕𝜇ଵ𝜕𝑛ଵ 𝜕𝑛ଵ𝜕𝑧  

 
(S 34) 

𝑗ଶ = −𝑞𝐿ଶଶ 𝜕Φ𝜕𝑧 − 2𝐿ଶଶ 𝜕𝜇ଶ𝜕𝑛ଶ 𝜕𝑛ଶ𝜕𝑧  (S 35) 

 
We note, that the gradients డడ௭  and డഀడ௭  also appear in classical Nernst-Planck formalism. In 15 

the following we aim at a comparison of the relevant coefficients, possibly enabling physical 
interpretation.  

 
In order to derive an expression for 2𝐿ఈఈ డఓഀడഀ , let’s take a little detour. 

Here, we shall consider the ideal chemical diffusion of a tracer in whatever, non-interacting 20 
medium. Then the particle density flux is given by  

 𝑗ଵ =  𝐿ଵଵ  − 𝜕𝜇ଵ𝜕𝑛ଵ 𝜕𝑛ଵ𝜕𝑧 ൨ = −𝐷ଵ∗ 𝜕𝑛ଵ𝜕𝑧  

 

(S 36) 
 𝑗ଶ =  𝐿ଶଶ  − 𝜕𝜇ଶ𝜕𝑛ଶ 𝜕𝑛ଶ𝜕𝑧 ൨ = −𝐷ଶ∗ 𝜕𝑛ଶ𝜕𝑧  (S 37) 

 
where 𝐷ఈ∗ is the tracer diffusion coefficient of component α. Now the comparison of Eqs. 

(S36) and (S37) with the chemical part of Eqs. (S34) and (S35) leads to  25 
 𝑗ଵ =  −𝑞𝐿ଵଵ 𝜕Φ𝜕𝑧 − 2 𝐷ଵ∗ 𝜕𝑛ଵ𝜕𝑧  

 

(S 38) 
 

 𝑗ଶ = −𝑞𝐿ଶଶ 𝜕Φ𝜕𝑧 − 2 𝐷ଶ∗ 𝜕𝑛ଶ𝜕𝑧  (S 39) 

 
Thus, the “diffusion” part of the transport equations apparently contains a term 2 𝐷∗. This 

will become important below. 
 30 
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In the classical NP formalism the particle density flux is given by 
 𝑗ଵ = −𝐷ଵ, ൬𝑛ଵ𝑘𝑇 𝑞 𝜕Φ𝜕𝑧 + 𝜕𝑛ଵ𝜕𝑧 ൰ 

 

(S 40) 
 𝑗ଶ = −𝐷ଶ, ൬𝑛ଶ𝑘𝑇 𝑞 𝜕Φ𝜕𝑧 + 𝜕𝑛ଶ𝜕𝑧 ൰ (S 41) 

 
Comparison of coefficients leads to the conclusion that  
 5 𝐿ଵଵ = 𝐷ଵ, 𝑛ଵ𝑘𝑇 

 
(S 42) 

 𝐿ଶଶ = 𝐷ଶ, 𝑛ଶ𝑘𝑇 (S 43) 
and  
 𝐷ଵ, = 2𝐷ଵ∗ 

 
(S 44) 
 𝐷ଶ, = 2𝐷ଶ∗ (S 45)

 
The comparison of coefficients, thus implies, that the Onsager equations transform into the 

classical NP equations under the assumption that Eqs. (S42)-(S45) hold.  10 
Equations (S42) and (S43) ultimately represent what is usually referred to as the Nernst-

Einstein relation assuming that the effective diffusion coefficient in the Nernst-Planck formalism 
is the conductivity derived diffusion coefficient. We direct the reader’s attention to standard 
discussions on the Nernst-Einstein relation including the limits of its approximation 12,13,14,15,16,17. 

Equations (S44) and (S45) evidently relate the diffusion coefficient derived from a tracer 15 
diffusion experiment to the effective diffusion coefficient used in NP formalism, 𝐷ఈ,. However, 
if the latter is identified to the conductivity derived diffusion coefficient, then Eqs. (S44) and (S45) 
transform into the Haven ratio according to  

 𝐷ఈ∗ 𝐷ఈ, = 𝐷ఈ∗𝐷ఈ,ఙ = 𝐻 = 0.5 (S 46) 

 20 
Equations (S40) and (S41) represent the form, the NP are implemented in the Marburg 

transport software 18. Empirically, for the native ion this  𝐷ఈ, function has to match the 
experimentally measured  𝐷ఈ,ఙ for the bulk (comparison e.g. to impedance spectroscopy). 

For glass systems with relatively high alkali ion content as discussed in the current 
manuscript, Haven ratios on the order of 0.5 or below are in fact commonly observed in 25 
experiments. 19,20 Thus, the consideration presented above is at the least self-consistent. The 
question remains, whether it contains more than a proof of self-consistency. This relates to 
question of the “ideal” Haven ratio to be observed for non-interacting particles in a tracer diffusion 
experiment reflecting ideal solutions. According to Murch, the ideal Haven ratio should be 
identical to 1 21,13, based on the assumption that in an ideal solution tracer experiment the relevant 30 
activity coefficient should be 1 and the transport coefficient measured should be identical to the 
one measured in a conductivity experiment. We will come back to the situation H = 1 at a later 
point. 
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In this context it is import to realize that not only the interpretation of diffusion coefficients 

measured in different experimental concepts is very different13, the concept of diagonal and non-
diagonal Onsager coefficients may also have to be adopted to a specific experimental approach 
considered. There is no unique diffusion coefficient 22,23,24,25,20,26 and there is perhaps not a unique 5 
Onsager coefficient either. 

 
Elaborating the relevant gradients of the chemical potential as presented above suggests that 

the ideal Haven ratio might rather be 0.5 instead of 1. To further support this point we consider in 
the following the Onsager equations for transport in a gradient of the chemical potential only 10 
(absence of an electric field). 

 
Let’s, for this, consider a hypothetical tracer experiment with strong correlation between µ1 

of species 1 diffusing into the target, and µ2 of species 2 diffusing out of the target (opposite 
directions !). Hence, we chose to make use of the chemical part of Eq. (S22), in other words, we 15 
consider the flux to be given by (neglecting cross Onsager terms) 

 𝑗ଵ =  𝐿ଵଵ  − 𝜕𝜇ଵ𝜕𝑛ଵ 𝜕𝑛ଵ𝜕𝑧 − 𝜕𝜇ଵ𝜕𝑛ଶ 𝜕𝑛ଶ𝜕𝑧 ൨ (S 47) 

 
In a tracer experiment the two species move in opposite direction; the flux has a different 

sign. On a one-dimensional grid with z pointing to the right, we can define, ∆𝑧 = 𝑧  −  𝑧௧. 20 
This gives ∆𝑧 a different sign for the native tracer and the external tracer. Therefore, while Eq. 
(S26) still holds, we arrive at  

 𝜕𝑛ଵ𝜕𝑧 = 𝜕𝑛ଶ𝜕𝑧  (S 48) 

 
This is different from Eq. (S29) and (S30) ! Combining this, leads to  25 
 − 𝜕𝜇ଵ𝜕𝑛ଵ 𝜕𝑛ଵ𝜕𝑧 − 𝜕𝜇ଵ𝜕𝑛ଶ 𝜕𝑛ଶ𝜕𝑧 = ൬− 𝜕𝜇ଵ𝜕𝑛ଵ − 𝜕𝜇ଵ𝜕𝑛ଶ൰ 𝜕𝑛ଵ𝜕𝑧  (S 49) 

 
Since 𝑑𝑛ଵ =  − 𝑑𝑛ଶ (Eq. (S39)) holds, we have  
 − 𝜕𝜇ଵ𝜕𝑛ଵ 𝜕𝑛ଵ𝜕𝑧 − 𝜕𝜇ଵ𝜕𝑛ଶ 𝜕𝑛ଶ𝜕𝑧 = ൬− 𝜕𝜇ଵ𝜕𝑛ଵ + 𝜕𝜇ଵ𝜕𝑛ଵ൰ 𝜕𝑛ଵ𝜕𝑧 = 0 (S 50) 

 30 
As a consequence, the flux becomes ZERO in the case of bidirectional tracer diffusion with 

“perfect” correlation between the species. This may sound strange in the first place, but should 
have been expected.  

Let’s remember the discussion of Haven ratios, H = D* / 𝐷ఙ, where D* is a tracer diffusion 
coefficient and 𝐷ఙ is the conductivity related diffusion coefficient. Empirically, this ratio is often 35 
H = 0.5 (or 0.4) in the case of perfectly un-correlated tracers. With increasing amount of 
correlation, the Haven ratio normally decreases. The consideration above suggests that for “perfect 
correlation” (this term would eventually need to be defined more precisely) D* approaches zero 
and the Haven ratio also approaches zero. 

 40 
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Haven ratio in dilute alkali glasses 
Having discussed the cases H=0.5 and H=0 above, we now return to the limiting case H=1. In fact, 
Haven ratios close to 1 have been reported by Thomas et al. in very dilute Sodium Silicate glasses 
for molar fractions of less than 1 mol% Na2O 27. With increasing molar fraction, the Haven ratio 
swiftly drops to the typical value around 0.5. Estimates from Lammert et al. show that under these 5 
dilute conditions not only the site density but also the density of vacancies is very low 28. 
Tomazawa et al. conclude that for very low alkali content in Borate glasses the transport 
mechanism of the alkali ions is given by an interstitial transport rather than by hopping from site 
to site 29. The latter would involve vacancies, which may be hundreds of Angstrom apart for such 
low dilution.  10 
In such a situation, Alkali ions entering the glass may not necessarily replace native ions. The 
foreign ions occupy interstitials. Locally the particle density (foreign ion density plus native ion 
density) is not any more strictly conserved. Foreign and native alkali ions hence may move 
independently from each other – the chemical potential of one ion species does not depend on the 
concentration of the other ion species. In that case Eq. (S 30) becomes 15 
 𝜕𝜇ଶ𝜕𝑛ଵ = 𝜕𝜇ଵ𝜕𝑛ଶ = 0 (S 51) 

  
Plugging this into Eqs. (S20 and S21), and setting q1 = q2 = q, we find 
 𝑗ଵ = −(𝐿ଵଵ + 𝐿ଵଶ)𝑞 𝜕Φ𝜕𝑧 − 𝐿ଵଵ 𝜕𝜇ଵ𝜕𝑛ଵ 𝜕𝑛ଵ𝜕𝑧 − 𝐿ଵଶ 𝜕𝜇2𝜕𝑛2 𝜕𝑛2𝜕𝑧  

 

(S 52) 
 𝑗ଶ = −(𝐿ଶଵ + 𝐿ଶଶ)𝑞 𝜕Φ𝜕𝑧 − 𝐿ଶଵ 𝜕𝜇ଵ𝜕𝑛ଵ 𝜕𝑛ଵ𝜕𝑧 − 𝐿ଶଶ 𝜕𝜇ଶ𝜕𝑛ଶ 𝜕𝑛ଶ𝜕𝑧  (S 53) 

 
Note that compared to Eqs. (S32) and (S33) the factor of 2 in the second term is missing. 20 
Neglecting the Onsager cross terms L12 and L21 yields 
 𝑗ଵ = −𝑞𝐿ଵଵ 𝜕Φ𝜕𝑧 − 𝐿ଵଵ 𝜕𝜇ଵ𝜕𝑛ଵ 𝜕𝑛ଵ𝜕𝑧  

 
(S 54) 

𝑗ଶ = −𝑞𝐿ଶଶ 𝜕Φ𝜕𝑧 − 𝐿ଶଶ 𝜕𝜇ଶ𝜕𝑛ଶ 𝜕𝑛ଶ𝜕𝑧  (S 55) 

 
Comparison to NPP and Nernst-Einstein-Relation we eventually end up with  
  25 𝐷ఈ∗ 𝐷ఈ, = 𝐷ఈ∗𝐷ఈ,ఙ = 𝐻 = 1 (S 56) 

 
as suggested by the experimental observations. As a consequence, the situation H=1 arises from a 
characteristic of the transport mechanism, i.e., interstitial instead of vacancy transport. In total, the 
treatise presented above provided plausible constellations, where in all cases the Haven ratio is 
H ≤ 1, in line with suggestions in the literature. 30 30 
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As a consequence, the cross relation of the chemical potential on both ion species (Eq. (S32)) 
does not lead to an obstacle. To the contrary, it leads to the conclusion that unidirectional and 
hence correlated transport of ions in one direction requires a term 2𝐷ఈ∗  in the diffusion term, with 
a classical Haven ratio concept. This concept inherently takes into account that in the CAIT 
experiment the native ion is forced to move up-hill in the concentration domain. In the CAIT 5 
experiment the translocation up the concentration hill of the native ion is enforced by the electric 
field, hence this constitutes electro-diffusion. There are other well-known examples of “up-hill” 
diffusion in the concentration domain, which are of course down-hill in the chemical potential 
domain. The diffusion of carbon in austenitic steels differing in the silicon content is a prominent 
example 31,32,33. The situation of uni-directional electrodiffusion is different from bi-directional 10 
classical tracer diffusion. 

So far, no assumption regarding the form of the chemical potential function has been 
employed. The only de facto assumption implied is that Eqs. (S44) and (S45) hold, even once the 
concentration dependence of D or L is explicitly accounted for. 

The line of arguments presented above is considered to demonstrate that Eqs. (S44) and (S45) 15 
are plausible and the description is self-consistent. With the current information we are not in the 
position to exclude that the ratio between D* / 𝐷ఙ, has a value different from 0.5. We expect being 
able to directly determine D* / 𝐷ఙ within the CAIT concept e.g. by performing successive CAIT 
experiments under varied conditions. 

 20 
 
 

2.9 Including Onsager cross terms L12, L21 
 

The transport equations including the Onsager cross terms is given by Eqs. (S32) and (S33) 25 
 𝑗ଵ = −(𝐿ଵଵ + 𝐿ଵଶ)𝑞 𝜕Φ𝜕𝑧 − 2𝐿ଵଵ 𝜕𝜇ଵ𝜕𝑛ଵ 𝜕𝑛ଵ𝜕𝑧 − 2𝐿ଵଶ 𝜕𝜇ଶ𝜕𝑛ଵ 𝜕𝑛ଵ𝜕𝑧  

 
(S 57) 

𝑗ଶ = −(𝐿ଶଵ + 𝐿ଶଶ)𝑞 𝜕Φ𝜕𝑧 − 2𝐿ଶଵ 𝜕𝜇ଵ𝜕𝑛ଶ 𝜕𝑛ଶ𝜕𝑧 − 2𝐿ଶଶ 𝜕𝜇ଶ𝜕𝑛ଶ 𝜕𝑛ଶ𝜕𝑧  

 
(S 58) 

 
In the two chemical diffusion terms, dn/dz can be factored out 
 𝑗ଵ = −(𝐿ଵଵ + 𝐿ଵଶ)𝑞 𝜕Φ𝜕𝑧 − 2 ൬𝐿ଵଵ𝑇 𝜕𝜇ଵ𝜕𝑛ଵ + 𝐿ଵଶ𝑇 𝜕𝜇ଶ𝜕𝑛ଵ൰ 𝜕𝑛ଵ𝜕𝑧  

 
(S 59) 

𝑗ଶ = −(𝐿ଶଵ + 𝐿ଶଶ)𝑞 𝜕Φ𝜕𝑧 − 2 ൬𝐿ଶଵ𝑇 𝜕𝜇ଵ𝜕𝑛ଶ + 𝐿ଶଶ𝑇 𝜕𝜇ଶ𝜕𝑛ଶ൰ 𝜕𝑛ଶ𝜕𝑧  

 
(S 60) 

 30 
In analogy to the argument presented above, we can now directly compare the coefficients of 

the classical NP equations and identify  𝐷ଵ,ఙ = 𝑘𝑇𝑛ଵ (𝐿ଵଵ + 𝐿ଵଶ) 

 
(S 61) 
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𝐷ଶ,ఙ = 𝑘𝑇𝑛ଶ (𝐿ଶଵ + 𝐿ଶଶ) 

 
 

(S 62) 

 
and 𝐷ଵ∗ = 𝐿ଵଵ 𝜕𝜇ଵ𝜕𝑛ଵ + 𝐿ଵଶ 𝜕𝜇ଶ𝜕𝑛ଵ 

 
(S 63) 

𝐷ଶ∗ = 𝐿ଶଵ 𝜕𝜇ଵ𝜕𝑛ଶ + 𝐿ଶଶ 𝜕𝜇ଶ𝜕𝑛ଶ 

 
(S 64) 

 
Combining Eqs. (S55)-(S58), as well as 2𝐷ఈ∗ = 𝐷ఈ,ఙ,  with Eqs. (S59) and (S60) yields 
 5 𝑗ଵ = −𝐷ଵ,ఙ ൬𝑞𝑛ଵ𝑘𝑇 𝜕Φ𝜕𝑧 + 𝜕𝑛ଵ𝜕𝑧 ൰ 

 
(S 65) 

𝑗ଶ = −𝐷ଶ,ఙ ൬𝑞𝑛ଶ𝑘𝑇 𝜕Φ𝜕𝑧 + 𝜕𝑛ଶ𝜕𝑧 ൰ 
 

(S 66) 

 
This is again the classical form of a set of Nernst-Planck equations. This format can always be 
derived, even if 𝐷ఈ,ఙ, and  𝐷ఈ∗  explicitly depend on the density of the other ion type β. The reason 
is that 𝑛ఈ can always be expressed as 𝑛௨ − 𝑛ఉ, according to Eq. (S24). This is valid independent 
of the explicit shape of 𝜇ఈ. We therefore end up with an equation with similar form as Eqs. (S42)  10 
and (S43). The difference between Eqs.(S42)-(S45) and Eqs.(S61)-(S64) concerns the 
interpretation of the transport coefficients  𝐷ఈ,ఙ and 𝐷ఈ∗    which in the different approximations is 
given by different combinations of Lαβ. 

 
 15 
 

2.10 Constant foreign diffusion coefficient 
 
We find best agreement between experimental profiles and the profiles calculated by means of the 
Nernst-Planck equations if the foreign diffusion coefficient is assumed to be concentration 20 
independent. The profiles observed from the CAIT experiments on the Li3B7O12 glass allow us to 
analytically calculate the constant foreign diffusion coefficient in very good approximation. 
We start from a schematic drawing of the profiles that consist of three distinctly different regions: 
the diffusion zone (D), the diffusion front (F) and the bulk (B). 
 25 
 
 
 
 
 30 
 
 

diffusion zone (D) bulk (B) 

diffusion front (F) 
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Scheme 1:   Illustration of three different zones discussed for the derivation of an analytical 

relation between Dforeign and Dnative.  
 
 5 
In the bulk, only native ions are present (index 1). Concentration gradients are absent here. 

In the diffusion zone, native ions have been replaced by foreign ions (index 2). In this zone, the 
concentration variation is only small and a spatially and temporally constant native ion plateau is 
observed. The concentration changes mainly occur at the diffusion front. In a quasi-stationary 
situation where the same number of ions reach the front side of the sample as are neutralized at its 10 
back side, the total ion flux becomes space (and time) independent. 

  𝐽ୀଵ,ଶ = 𝐽௧௧ = 𝑐𝑜𝑛𝑠𝑡 (S 67) 

 
where 𝐽௧௧ is the sum of all ion fluxes. We assume that the Nernst-Planck equation applies in all 
three parts of the sample 15 

 𝐽 = −𝐷 ൬∇𝑛 + 𝑛∇𝜑 𝑍𝑒𝑘𝑇൰ (S 68) 

 
In the bulk region of the sample, foreign charge carriers are not present and spatial 

concentration gradients are absent such that 𝐽௧௧ = 𝐽ଵ and ∇𝑛ଵ = 0 holds. The total ion flux in bulk 
is then given by 20 

 𝐽௧௧ = 𝐽ଵ = −𝐷ଵ𝑛ଵ𝐸 
 (S 69) 

 
where 𝐷ଵ is the native bulk diffusion coefficient, 𝑛ଵ is the native bulk ion density and 𝐸 =− ೃି∆ವିವ ಳ்  is the electric field in the bulk times e/(kBT), with the repeller voltage 𝑈ோ, the voltage 
drop across the diffusion zone ∆𝑈, the thickness of the sample 𝐿 and the thickness of the diffusion 25 
zone 𝐿. In the diffusion zone, the total ion flux is given by 

 
 𝐽௧௧ = 𝐽ଵ + 𝐽ଶ = −𝐷ଵ𝑛ଵ𝐸 − 𝐷ଶ(𝑛ଵ − 𝑛ଵ)𝐸 

 (S 70) 

 
where the superscript D indicates the respective quantities in the diffusion zone, 𝑛ଵ − 𝑛ଵ = 𝑛ଶ is 30 

the density of the foreign species in the diffusion zone and 𝐸 = − ∆ವವ ಳ் is the electric field in 

the diffusion zone times ಳ். Since the total ion flux is space independent,  𝐽ଵ = 𝐽ଵ + 𝐽ଶ holds. 
 𝐷ଵ𝑛ଵ𝐸 = 𝐷ଵ𝑛ଵ𝐸 + 𝐷ଶ(𝑛ଵ − 𝑛ଵ)𝐸 

 = ሾ𝐷ଵ𝑛ଵ + 𝐷ଶ(𝑛ଵ − 𝑛ଵ)ሿ𝐸  
 

(S 71) 
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Dividing by the term in the brackets yields an expression for 𝐸 
 
 𝐸 = 𝐷ଵ𝑛ଵ𝐸𝐷ଵ𝑛ଵ + 𝐷ଶ(𝑛ଵ − 𝑛ଵ) 

 
(S 72) 

 
The total ion flux in the diffusion zone is given by 5 
 
 𝐽௧௧ = 𝐽ଵி + 𝐽ଶி = −𝐷ଵி(∇𝑛ଵ + 𝑛ଵி𝐸ி) − 𝐷ଶி(∇𝑛ଶ + 𝑛ଶி𝐸ி) 

        = −𝐷ଵி(∇𝑛ଵ + 𝑛ଵி𝐸ி) − 𝐷ଶி(−∇𝑛ଵ + (𝑛ଵ − 𝑛ଵி)𝐸ி) 
 

(S 73) 

 
where ∇𝑛ଶ = −∇𝑛ଵ and 𝑛ଶி = (𝑛ଵ − 𝑛ଵி) have been used. Applying the space independence of the 
flux density yields: 10 

 
 𝐷ଵ𝑛ଵ𝐸 = 𝐷ଵி(∇𝑛ଵ + 𝑛ଵி𝐸ி) + 𝐷ଶி(−∇𝑛ଵ + (𝑛ଵ − 𝑛ଵி)𝐸ி) 

 (S 74) 

 
This condition must essentially hold at any position of the diffusion front. We choose a point 

at the center of the diffusion front and assume 15 
 𝑛ଵி = 𝑛ଵ + 𝑛ଵ2  (S 75) 𝐸ி = 𝐸 + 𝐸2  

(S 76) 

 
For the Li3B7O12 profiles shown in the main manuscript, the diffusion coefficient of the native 

ion was far larger than the diffusion coefficient of the foreign ion at about 55% bulk concentration 
corresponding to 𝑛ଵி = భಳାభವଶ . Under these conditions,  20 

 𝐷ଵி(∇𝑛ଵ + 𝑛ଵி𝐸ி) > 𝐷ଶி(−∇𝑛ଵ + (𝑛ଵ − 𝑛ଵி)𝐸ி) 
 

(S 77) 

 
is valid which leads to  

 𝐷ଵ𝑛ଵ𝐸 = 𝐷ଵி ቆ𝛻𝑛ଵ + 𝑛ଵ + 𝑛ଵ2 𝐸 + 𝐸2 ቇ= 𝐷ଵி𝛻𝑛ଵ + 𝐷ଵி4 (𝑛ଵ + 𝑛ଵ)(𝐸 + 𝐸)
 

(S 78) 

 25 
Plugging in Eq. (S72), resolving with respect to 𝐷ଶ leads to the result 
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 𝐷ଶ = 𝐷ଵ (𝑛ଵ + 𝑛ଵ)(𝑛ଵ − 𝑛ଵ) ∙ 𝑛ଵ4 𝐷ଵ𝐷ଵி 𝑛ଵ − 4𝐸 𝛻𝑛ଵ − (𝑛ଵ + 𝑛ଵ) − 𝐷ଵ 𝑛ଵ(𝑛ଵ − 𝑛ଵ) 
 

(S 79) 

We may evaluate Eq. (S79) by plugging in the electric field in the bulk as well as the 
concentrations observed in the concentration profiles. The diffusion coefficient of the Li ions is 
taken from the best match between experiment and NPP calculation. 

 5 
 K-CAIT Rb-CAIT Cs-CAIT 𝑛 /(m-3) 1.96 ∙ 10ଶ 1.12 ∙ 10ଶ 4.2 ∙ 10ଶ 𝑛 /(m-3) 1.40 ∙ 10ଶ଼ 1.40 ∙ 10ଶ଼ 1.40 ∙ 10ଶ଼ 𝐷 /(m²/s) 3.9 ∙ 10ିଵ 3.9 ∙ 10ିଵ 3.9 ∙ 10ିଵ 𝐷ி /(m²/s) 3.72 ∙ 10ିଵଽ 7.08 ∙ 10ିଵଽ 7.08 ∙ 10ିଵଽ 𝐷 /(m²/s) 1.1 ∙ 10ିଶଶ 1.00 ∙ 10ିଶଷ 2.62 ∙ 10ିଶଷ 𝐸 /(1/m) −1.427 ∙ 10ଷ −3.97 ∙ 10ଷ −3.40 ∙ 10ଷ ∇𝑛ி /(1/m4) 1.19 ∙ 10ଷ 3.30 ∙ 10ଷହ 3.43 ∙ 10ଷହ 

Table 1: parameters used to calculate 𝐷ଶ 
 
Evaluating Eq. (S30) with the parameters from table 1, we find 
 

Experiment 𝐷ଶfrom Eq. (38) / (m²/s)  𝐷ଶ  best match / (m²/s) 
K-CAIT 2.01 ∙ 10ିଶଶ 1.87 ∙ 10ିଶଶ 
Rb-CAIT 1.00 ∙ 10ିଶଵ 0.90 ∙ 10ିଶଵ 
Cs-CAIT 1.43 ∙ 10ିଶଵ 1.36 ∙ 10ିଶଵ 

Table 2: comparison between foreign diffusion coefficients derived from Eq. (S30) and the 10 
foreign diffusion coefficient from the full NPP calculations leading to best match between 
experiment and theory. 

 
 
We conclude that for a situation, where the bulk diffusion coefficient of the native ion is 15 

significantly larger than the diffusion coefficient of the foreign ion in the diffusion front, the latter 
is effectively fixed to a single value determined solely by properties of the native ion and the 
electric field operative in the bulk. Consequently, in a situation where the foreign ion diffusion 
coefficient is larger than that of the native ion, the characteristics are reversed. In that case, the 
diffusion coefficient of the foreign ion appears as concentration dependent and the diffusion 20 
coefficient of the native ion appears concentration independent. This is in fact supported by an 
experiment, where a K+ ion beam was shined at a Rb+ ion conductor 34. 

 
 

  25 
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