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Summary 

The influence of space-charge layers on the ionic charge transport over cathode-solid 

electrolyte interface in all-solid-state batteries remains unclear because of the difficulty 

to unravel it from other contributions to the ion transport over the interfaces. Here we 

reveal the impact of the space-charge layers by systematically tuning the space-

charge layer on and off between LixV2O5 and Li1.5Al0.5Ge1.5(PO3)4 (LAGP) by changing 

the LixV2O5 potential and selectively measuring the ion transport over the interface by 

2D NMR exchange. The activation energy is demonstrated to be 0.315 eV for lithium-

ion exchange over the space-charge free interface, which increases dramatically to 

0.515 eV for the interface with a space-charge layer. Comparison with a space-charge 

model indicates that specifically the charge distribution due to the space-charge layer 

is responsible for the increased interface resistance. Thereby, the present work 

provides first quantitative insight in the impact of space-charge layers over electrode-

electrolyte interfaces on ionic transport. 
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Introduction 

Lithium batteries are gaining ever increasing attention due to the huge demand for 

high-energy-density and high-safety electrical energy storage/conversion devices1–3. 

However, commercial lithium-ion batteries suffer from severe safety problems 

associated with the flammable liquid electrolytes4,5. All-solid-state batteries (ASSBs) 

are considered to be an effective solution to these concerns6, and in addition to being 

safer ASSBs also possess additional advantages such as higher practical energy 

densities and less stringent packaging demands7. Although massive research efforts 

were invested in ASSBs over the last years, facile lithium-ion transport within the 

ASSBs remains a grand challenge, standing in the way towards market application of 

ASSBs8–10. Over the last few years a number of solid-state electrolytes have been 

discovered with unexpectedly high ionic conductivities in the range of 10-3~10−2 S cm-

1, which makes that the bulk ionic conductivity of solid-state electrolytes is no long a 

major concern11–13. Currently, the solid-solid interface between the electrode and solid-

state electrolyte presents the largest challenges. Firstly, the small effective interface 

area between the solid electrolyte and electrode can lead to a large barrier for charge 

transfer. Secondly, ion transport may be challenged by electrochemical decomposition 

reactions of the solid electrolyte in combination with the electrode, leading to poorly Li-

ion conducting interphases14,15. Thirdly, the volumetric changes associated with the 

decomposition reactions, as well as the reversible ion storage in the electrodes, can 

lead to contact loss16,17. Finally, the space-charge layer, the formation of 

electrochemical double layers at the solid-solid electrode-electrolyte interfaces 

typically results in local charge carrier depletion/enrichment, which in turn may 

influence the charge transport15,18–20. The space-charge layer can enhance the ionic 

condition in solid-solid dispersions having intrinsic poor bulk ionic conductivity21–24, but 

for solid electrolytes that are designed to have a high conductivity it is expected to be 

detrimental for ion transport by creating an interface barrier for Li-ion transport25,26. 

However, the impact of space-charges on the charge transport is very unclear, as 

demonstrated by the very different results reported27–29 which can mainly be ascribed 

to the difficulty to observe the lithium-ion distributions at the interfaces on the atomic 

scale and the many material aspects as well as electrochemical conditions that 

influence the interface properties.  

The present work aims at quantifying and understanding the impact of space-charge 

layers on the lithium-ion migration across the solid-solid cathode-electrolyte interface 

by systematically varying the space charge through controlling the Li-chemical 

potential of the electrode material. Specifically the LAGP-LixV2O5 interface is 

investigated where the chemical potential of Li in the LixV2O5
30–32 electrode can be 

controlled by the composition between 2 and 4 V vs Li/Li+ by means of the solid solution 

reaction, rationalizing the selection of the active material. Specifically, the LiV2O5, 

Li2V2O5 and Li0.2V2O5 compositions are prepared by chemical lithiation, having the 

same, a lower and a higher Li chemical potential, respectively, as compared to that in 



LAGP. In this way the space-charge layer at the LAGP-LixV2O5 interface will be 

switched off for LiV2O5 and switched on for Li0.2V2O5 and Li2V2O5, albeit with reversed 

polarity. As the potential range of LixV2O5 falls within the expected electrochemical 

stability of LAGP33, a stable interface between LAGP and LixV2O5 is expected, thereby 

exposing the impact of the space-charge layer. To measure the Li-ion equilibrium 

transport over these interfaces, we employed two-dimension exchange NMR 

spectroscopy (2D-EXSY), a powerful method to investigate the Li-ion transport over 

the interfaces34–36. These experiments show that switching on the space-charge layer 

leads to a significant increase in the activation energy for Li-ion diffusion over the 

LAGP-Li2V2O5 interface, in agreement with a 4-fold increase in resistance calculated 

with space-chare layer model. Thereby, direct evidence of the impact of space-charge 

layer on the Li-ion transport over the solid electrolyte–electrode interfaces is provided, 

which demonstrates that it can contribute significantly to the internal resistance. These 

insights motivate to develop rational interface strategies to reduce the space-charge 

layer effect in ASSBs in order to improve the ASSBs performance, for instance through 

reducing the local chemical potential differences at the electrode-electrolyte interfaces. 

Results and Discussion 

Equilibrium potential of LAGP and LixV2O5 

The diffraction peaks of the prepared LAGP material in Figure S1A can be indexed 

with the NASICON LiGe2(PO4)3 structure, indicating the successful synthesis of LAGP. 

The crystallite size from X-ray diffraction (XRD) line broadening results in an average 

LAGP particle size of 110 nm. The LAGP pellet was coated with Au on both sides for 

the impedance measurements. From the fitting result of Figure S1B, the calculated 

ionic conductivity of the as prepared LAGP is 0.12 mS cm-1 consistent with previously 

reported values37, demonstrating the high ionic conductivity. Although LAGP is 

considered to be a quite stable solid-state electrolyte, a small amount lithium can still 

be extracted from its crystal structure by electrochemical charging at small current 

densities38. The LAGP powder is used as cathode to assemble a LAGP/Li cell of which 

the galvanostatic intermittent titration technique (GITT) measurement, repeatedly 30 

minutes charging at 5 A·cm-1 and 8 h resting, is shown in Figure 1A. The cut-off 

voltage of this GITT measurement is set to 4.6 V to avoid electrolyte decomposition at 

higher potentials. After the first charging and rest step, the voltage of LAGP/Li cell 

returns to 3 V as demonstrated in Figure 1A, which implies that the equilibrium potential 

of LAGP is around 3 V (the extracted lithium content in the first charging process is 

negligible considering a small current density of 5 A cm-1). GITT measurements were 

also conducted on the V2O5/Li cells to determine the relationship between the 

composition and the equilibrium potential. In figure 1B, the GITT curve shows the 

typical LixV2O5 electrochemical behaviour with a gradual decreasing voltage between 

3.6 and 2.4 V vs Li/Li+, representing a solid solution reaction, and a plateau around 2.4 

V, representing a first order phase transition39. This demonstrates that the equilibrium 

potential of LixV2O5 can be adjusted between 2.4 V to 3.6 V by tuning the composition 

between 0 < x < 2. The GITT indicates that LiV2O5 has the same equilibrium potential 

as LAGP, comparing figure 1A and 1B, which was achieved by discharging the V2O5 



at 0.05 C for 10 h followed by a rest of 100 h, as shown in Figure 1D. This means that 

when LiV2O5 and LAGP are mixed together, there is no difference in Li-chemical 

potential, and hence there is no driving force to establish a space-charge layer. To 

establish a difference in Li-chemical potential, V2O5 was discharged at 0.05 C to 

equilibrium potentials of 3.4 and 2.4 V vs Li/Li+ corresponding to Li0.2V2O5 and Li2V2O5 

respectively, as shown in Figure 1C and 1E. The potential difference, or equivalent the 

difference in Li chemical potential, at the Li0.2V2O5-LAGP interface (0.4 V) and Li2V2O5-

LAGP interface (0.6 V) will lead to the redistribution of Li-ions to equalize the 

electrochemical potential over the interface, hence establishing a space-charge layer. 

Li-ion kinetics in bulk Li0.2V2O5, LiV2O5 and Li2V2O5  

To prepare larger amounts of carbon black and binder free LixV2O5 materials, as 

required for the detailed solid-state NMR studies, chemical lithiation was employed. 

ICP analysis of the prepared LiV2O5, Li2V2O5 and Li0.2V2O5 materials results in the 

expected lithium content, as can be seen in Table S1. The XRD refinements, see 

Figure S2, show an increase in the c parameter with increased lithium content in 

LixV2O5, indicating the puckering of the V2O5 layer40. To identify the Li-ion environment 

and kinetics in LixV2O5, one dimensional (1D) 6Li NMR was performed, the spectra of 

which are shown in Figure 2A-2C. As shown in Figure 2A and 2B, there are four 

different lithium environments appearing at ~11 ppm, 0.6 ppm, -0.3 ppm and -8 ppm. 

Based on previous neutron diffraction and 7Li MAS (magic angle spinning) NMR 

results41, the resonance around 11 ppm represents Li occupying the octahedral site, 

which is expected for x<1 in LixV2O5, consistent with the decreased peak intensity at 

~11 ppm in Li2V2O5 compared with LiV2O5. The resonance located at -8 ppm is 

assigned to the /-phase in LiV2O5 and Li2V2O5 as reported previously42,43. The other 

two resonances located near 0 ppm have been suggested to represent the Li-

environment in the -phase in LiV2O5 and Li2V2O5, while other studies suggest that only 

one resonance near 0 ppm corresponds to the -phase42,44,45. A possible explanation 

is that previous NMR studies of LixV2O5 were conducted using 7Li (I=3/2) NMR, having 

a lower resolution due to quadrupolar interactions, resulting in two resonances 

overlapping as demonstrated in the 7Li NMR MAS spectrum of LiV2O5 and Li2V2O5 

shown in Figure S3. In Li0.2V2O5 there is only one broad resonance located around -24 

ppm corresponding to the -phase in low lithium content LixV2O5
42

。 

To determine the lithium-ion bulk diffusion kinetics of the compositions LiV2O5, Li2V2O5 

and Li0.2V2O5, spin-spin (T2) relaxation NMR experiments were carried out at 

temperatures ranging from 258 K to 438 K. In the analysis of the T2 relaxation of LiV2O5 

and Li2V2O5 only the peak at -0.3 ppm was fitted as only this lithium-ion environment 

appears to contribute to the Li-ion conductivity as discussed below. As can be seen in 

Figure 2D-2F, for all compositions the spin-spin relaxation rate, 1/𝑇2, remains constant 

until a specific temperature above which it increases with increasing temperature. The 

T2 value at the “freezing” temperature range is related to the correlation time 𝜏𝑐  which 

is the lower limit of the average time for a Li ion residing at one site before it hops to 

another site at that temperature.46 The Bloembergen, Purcell, and Pound (BPP) model 



was applied to fit the spin-spin relaxation as described in supporting information. Figure 

2D-2F represents the Arrhenius plots for LiV2O5, Li2V2O5 and Li0.2V2O5 resulting in 

activation energies of 0.17 ±  0.02 eV, 0.08 ±  0.01 eV and 0.13 ±  0.01 eV for 

lithium-ion in LiV2O5, Li2V2O5 and Li0.2V2O5 respectively. The correlation times 

calculated via 𝜏𝑐 = 𝑇2/√2 from the break point between the low and mobility regime 

indicated by the crossing lines in Figure 2D-2F are 12.4 s at ~360 K for LiV2O5, 11.4 

s at ~373 K for Li2V2O5 and 27.1 s at ~317 K for Li0.2V2O5. With these values, 𝜏∞ is 

computed to be 52 ns, 950 ns and 230 ns which leads to 𝜏𝑐 of 38.6 s, 21.3 s and 

36.2 s at room temperature for LiV2O5, Li2V2O5 and Li0.2V2O5 respectively. The 

microscopic diffusion coefficient at room temperature is usually determined with D =

𝑙2 𝑛𝜏𝑐⁄ , where 𝑙  is the length of an elementary jump between sites and 𝑛 is the 

dimension factor. Assuming in LiV2O5 the Li+ jump occurs along channels parallel to 

the b-axis ([0 1 0] direction) , so the Li+ can jump from the octahedral site to other two 

equivalent sites representing 1-D diffusion, which leads to n =  2  and the jump 

distance is equal to the b-lattice parameter42,47. As a result, we could obtain 1.68  10-

11 cm2 s-1, 3.04  10-11 cm2 s-1 and 1.79  10-11 cm2 s-1 for the diffusion coefficient at 

room temperature for LiV2O5, Li2V2O5 and Li0.2V2O5 individually. These very similar 

diffusion coefficients indicate that the bulk ion conductivity in these three phases is 

comparable. 

Influence of space-charge layers on the Li-ion transport 

To investigate the Li-ion transport over the interfaces between LixV2O5 and LAGP, 

mixtures are prepared by hand grinding ballmilled LixV2O5 and LAGP powders, 

followed by pressing this mixture into a pellet under 100 MPa to establish the contact 

between LixV2O5 and LAGP, representing the conditions in actual solid-state batteries. 

After this the pellet was hand grinded in a mortar to enable filling the NMR rotor. Prior 

to the NMR experiments the stability of the mixtures is investigated by conducting XRD 

and X-ray photoelectron spectroscopy (XPS) measurements. As observed in Figure 

S4 and S5, the results show no indication that LixV2O5 and LAGP react with each other, 

in line with the expected electrochemical stability window of LAGP33 towards the 

potentials of the LixV2O5 x=0.2-2 compositions.  

1D 6Li MAS NMR spectra of LiV2O5-LAGP, Li2V2O5-LAGP and Li0.2V2O5-LAGP 

mixtures are displayed in Figure 3A, 3E and 3I. In all three mixtures, the weight ratio 

between LixV2O5 and LAGP was set to 4:1. In Figure 3A and 3E the two overlapping 

resonances around 0 ppm represent Li in LiV2O5 and Li2V2O5 and the sharp resonance 

around -1.4 ppm represents the lithium environment in LAGP. Note that the two 

additional broad resonances of LiV2O5 and Li2V2O5, visible in Figure 2A and 2B 

practically fade into the background due to their relative low intensity as shown in 

Figure S6. As expected, based on Figure 2C the Li0.2V2O5-LAGP mixture shown in 

Figure 3I results in the broad resonance of Li0.2V2O5 at -24 ppm in addition to the sharp 

LAGP resonance at -1.4 ppm.  

To investigate the impact of the presence of space-charge layers on the lithium-ion 



transport kinetics over the LixV2O5-LAGP interfaces, 2D exchange NMR 

measurements were conducted for the LiV2O5-LAGP, Li2V2O5-LAGP and Li0.2V2O5-

LAGP mixtures. 2D exchange NMR offers the possibility to measure the spontaneous 

lithium-ion exchange between different lithium-ion environments, at present for the first 

time realized to study the impact of the space-charge layers between two solid phases. 

2D exchange NMR effectively records the spectrum of the 6Li atoms at t = 0 s , allows 

a “mixing time” tmix, subsequently recording the spectrum of the same 6Li atoms again 

at t = tmix. The results of these measurements are shown in Figure 3. The signal 

appearing on the diagonal reflects the 1D NMR signal in Figure 3A, 3E and 3I, which 

represents 6Li atoms having the same environment before and after tmix. In contrast, 

the off-diagonal signal represents 6Li atoms that have exchanged between the LixV2O5 

and LAGP environments within the diffusion time tmix. For a short mixing time of 0.5 ms 

(Figure 3B and 3F), there is virtually no lithium-ion exchange and thus not sufficient Li-

ions crossing the LixV2O5-LAGP interface to be measured by the exchange 

experiments. For a much longer mixing time, tmix=1 s, clear cross-peaks appear in the 

2D exchange spectrum of both LiV2O5-LAGP and Li2V2O5-LAGP mixtures. The weaker 

cross-peaks intensity for the Li2V2O5-LAGP mixture implies significant less lithium-ion 

exchange as compared to that in LiV2O5-LAGP, as shown in Figure 3D and 3H. The 

stronger cross-peak intensity for the LiV2O5-LAGP mixture signifies more facile Li-ion 

diffusion over the LiV2O5-LAGP interface. For the Li0.2V2O5-LAGP mixture no cross 

peaks are observed at a long mixing time of tmix=1 s, Figure 3J, even at an elevated 

temperature of 363 K, Figure 3K, indicating that for this mixture the spontaneous 

lithium transport between Li0.2V2O5 and LAGP is the smallest. Note that the two 

resonances in LiV2O5 and Li2V2O5 around 11 ppm and -8 ppm are invisible in the 2D 

exchange spectrum because of the relatively low intensity, as further illustrated by 

Figure S7. To further investigate the exchange in the Li0.2V2O5-LAGP mixture, 7Li NMR 

2D experiments were conducted, raising the resonance intensities because of the 

higher natural abundance (7Li 92.4% vs 6Li 7.6% )48 and the higher NMR sensitivity, 

however, at the expense of the lower resolution caused by the stronger dipolar 

interactions and presence of quadrupolar interactions. Despite the higher sensitivity on 

lithium exchange, even this experiment did not result in measurable exchange, see 

Figure 3L. As the strongest lithium exchange over the LixV2O5-LAGP interface is 

observed for the composition where the space-charge layer should be absent, x=1, 

these results demonstrate that the space-charge layer, expected to be present for the 

compositions x=0.2 and x=2, hinders the spontaneous lithium exchange. 

More detailed evaluation of the 2D spectrum at 363 K brings forward another exchange 

phenomenon for the Li2V2O5-LAGP mixture shown in Figure 4B, which is not present 

for the LiV2O5-LAGP mixture shown in Figure 4A. The off-diagonal intensity indicates 

exchange between Li-sites within Li2V2O5 located at ~0.6 ppm and -0.3 ppm, 

representing sites within the -phase. The different site occupation in Li2V2O5 appears 

to boost the bulk diffusivity, also reflected by the higher diffusion coefficient as 

compared to LiV2O5 resulting from the T2 relaxation experiments. Despite the higher 

bulk diffusivity in Li2V2O5 the Li-ion exchange over the interface with the LAGP is 



significantly less as compared to LiV2O5, reflecting the large impact of the space-

charge layer on the spontaneous Li-ion transport. 

To quantify the exchange over the LiV2O5-LAGP and Li2V2O5-LAGP interfaces, 

variable temperature 6Li 2D exchange experiments were carried out. Quantification of 

the exchange between LiV2O5 (Li2V2O5) and LAGP was performed by fitting the 

growing off-diagonal signal by a diffusion model derived from Fick’s law as described 

in supporting information. The fitted results of the normalized cross-peaks intensity as 

a function of mixing time for different temperatures are shown in Figure 5. By means 

of fitting the above demagnetization model, each temperature results in a diffusion 

coefficient, quantifying the activation energy for exchange between the LixV2O5 and 

LAGP phases, the results of which are shown in Figure 5A and 5C. 

For the space-charge layer free LiV2O5-LAGP interface, the observed Li exchange at 

room temperature leads to an effective diffusion coefficient of approximately 1.0  10-

12 cm2 s-1, see Figure S9, which is a factor of 17 times smaller than the bulk diffusion 

coefficient as determined by T2  relaxation. Additionally, the activation energy for 

diffusion over the interface, 315 meV, is much larger than that for bulk diffusion, 

amounting 170 meV from the T2 relaxation experiments in Figure 2D. This most likely 

indicates that the grain boundary between space-charge free LiV2O5-LAGP offers 

restricted contact points as well as introducing an additional diffusional barriers36,49, as 

also suggested by the EIS measurement of the LiV2O5-LAGP mixtures in Figure S8, 

reflecting one of the main challenges to achieve high performance ASSBs. 

Driven by the 0.6 V difference in lithium chemical potential, introduction of the space-

charge layer at the Li2V2O5-LAGP interface increases the resistance of the interface 

against charge transport significantly. The effective diffusion coefficient drops to 4.4  

10-14 cm2 s-1 as shown in Figure S9, more than 20 times smaller compared to the space-

charge free LiV2O5-LAGP interface and the activation energy for exchange raises to 

515 meV. The decreased Li-ion exchange must be due to the presence of the space-

charge layer because the diffusivity of the bulk LAGP is the same for all three systems, 

amounting ~10-13 cm2 s-1 and 166 meV50, and because the bulk diffusivity of the three 

LixV2O5 phases is comparable, as determined by the T2 relaxation experiments (x=0.2: 

1.79  10-11 cm2 s-1 , x=1: 1.68  10-11 cm2 s-1 and x=2: 3.04  10-11 cm2 s-1). As 

schematically shown in Figure 5B and 5D, the space-charge layer poses an additional 

barrier, on top of that posed by the grain boundary, that hinders the Li-ion transport 

over the electrode-electrolyte interface. 

Because the NMR exchange experiments are performed under equilibrium conditions, 

it provides a direct quantitative measurement of the exchange current density over the 

electrode-electrolyte interface, thus reflecting the intrinsic mobility of the Li-ions over 

the interface. During the same mixing time of 1 s at room temperature, about 57% of 

the total amount of lithium-ions exchanged over the LiV2O5-LAGP interface while for 

Li2V2O5-LAGP only 30% lithium-ion exchanged as shown in Figure 5A and 5C. From 



the amount of the exchanged lithium-ion, and taking into consideration of the average 

crystallite sizes of LixV2O5 and LAGP, we obtain the room temperature exchange 

current density which is deemed as one of the critical parameters that will determine 

the maximum power of a battery, amounting 0.77 mA cm-2 for space-charge layer free 

LiV2O5-LAGP and 0.41 mA cm-2 in the presence of the space-charge layer in Li2V2O5-

LAGP. To estimate the maximum exchange current density over the Li0.2V2O5-LAGP, 

where no exchange is observed, we assume that the exchange is at most in the order 

of the background signal resulting in a maximum exchange current density of 0.13 mA 

cm-2 over the Li0.2V2O5-LAGP interface. The larger exchange current density for 

LiV2O5-LAGP as compared to the Li2V2O5-LAGP and Li0.2V2O5-LAGP interfaces further 

demonstrates that the space-charge layer hinders the lithium-ion exchange over the 

interface significantly. For comparison, the exchange current density at typical 

electrode-liquid electrolyte interfaces in Li-ion batteries exceeds 1 mA cm-2 51,52, 

underlining that the solid-solid interfaces limit the power density of ASSBs. 

To gain more insight in the role of the space-charge layers, the space-charge layer model 

from our previous work53 is applied to the LixV2O5-LAGP interfaces. Assuming that only 

ions are mobile and the interface is chemically stable with perfect contact, by using a solid 

solution model the chemical potential as a function of the distance near the interface can 

be determined from the corresponding ion concentration, where the law of mass 

conservation serves as the boundary condition. Specially the columbic interaction between 

defects is taken into account, as was proposed by Maier and co-workers54,55 which is 

essential to approximate the formation energy of vacancies. This model does not take into 

account the electron (hole) transfer through band bending at the cathode-solid electrolyte 

interface, which can have a large impact on the space charge formation, as recently 

predicted for the LiPON-LixCoO2 by Swift and Qi56. Because of the large bandgap of Li-

xV2O5
57 and its position relative to the bandgap to that of LAGP58, the valence band maxima 

are far apart, unlike at the LiPON-LixCoO2 interface 
59. As a consequence, it should be 

expected that band bending has less impact on the space charge formation in the 

present system, suggesting that the current model is a good approximation for the 

investigated interfaces. The parameters to perform the space-charge model 

calculations are listed in Table S2. The voltages of LAGP, LiV2O5, Li2V2O5, and 

Li0.2V2O5 are set to be 3 V, 3 V, 2.4 V and 3.4 V respectively, which is based on the 

electrochemical measurements in Figure 1. As displayed in Figure 6B and 6C, in 

Li2V2O5-LAGP and Li0.2V2O5-LAGP the difference in potential between electrode and 

solid electrolyte, reflects the difference in Li chemical potential, which results in the 

redistribution of the Li-ion concentration at the interface to equalize the electrochemical 

potential. This represents the formation of the space-charge layer having a ~0.5 nm 

thickness for Li2V2O5-LAGP and ~0.7 nm for the Li0.2V2O5-LAGP interface. This 

indicates that space charges occur over only a few atomic layers adjacent to the 

interfaces. Only taking the changes in lithium concentration into account, the 

resistance because of the space-charge layers for Li2V2O5-LAGP and Li0.2V2O5-LAGP 

are very small, amounting 0.0009 and 0.0061  cm2 respectively (see Figure S10). It 

should be noted that the predicted large local depletion in LAGP at the Li0.2V2O5-LAGP 



interface may lead to the LAGP structure to collapse at the interfaces, potentially 

posing an additional barrier for Li-ion transport.  

From the measured exchange current density the interface resistance can be 

determined based on the relationship given by G.Horvai60. The resulting interface 

resistances are approximately 33  cm2 for space-charge layer free LiV2O5-LAGP 

increasing to 63  cm2 for Li2V2O5-LAGP and 188  cm2 for Li0.2V2O5-LAGP. These 

values are five orders of magnitude larger as compared to that from the space-charge 

layer calculations. The model calculations only approximately take into account the 

impact of the composition on the diffusion coefficient, and not the impact of the grain 

boundary resistance that is anticipated to exist between the electrolyte and electrode 

particles49 (see also Figure S8) and also not the charge dipole due to the space-charge 

layer56. Based on this it is concluded that the impact of the changes in Li-ion 

concentrations in the space-charge layers have a negligible impact on the interface 

resistance as compared to the grain boundary resistance, and that the charge 

separation of the space-charge layer is responsible for the significant increase in the 

interface resistance. For the present electrolyte-electrode combination the space-

charge layer is demonstrated to add more than 100  cm2 to the interface resistance. 

For LAGP assuming a conductivity of 10-3 S cm-1, the corresponding resistance for a 

100 m thick solid electrolyte is 10  cm2, demonstrating the potentially large 

contributions of space-charge layers to the internal resistance of ASSBs, depending 

on the electrode and electrolyte geometry. Clearly, the resistance due to the space 

charge layer will strongly vary depending on the electrode potential, in the present case 

depending on the LixV2O5 composition, and thus on the state of charge. Moreover, also 

the kinetic polarization of the electrode during high rate cycling can be expected to 

affect the space-charge layer, depending on the detailed resistances towards both Li-

ion and electron charge carriers. 

Conclusion and outlook 

Using LixV2O5-LAGP as model system, the present NMR measurements and model 

calculations demonstrate the important role of space-charge layers at the cathode-

solid electrolyte interface. The lithium-ion transport kinetics from cathode to solid 

electrolyte (and vice versa) can be directly measured by 2D NMR exchange 

experiments, a direct probe of the exchange current density. For the LiV2O5-LAGP 

interface, where there is no space-charge layer based on the equal Li chemical 

potential, the activation energy for Li-exchange and the resistance towards Li-ion 

transport is found to be significantly smaller than in Li2V2O5-LAGP where the difference 

in Li chemical potential results in a space-charge layer at the interface. Consistently, 

the exchange current density directly measured by the NMR exchange experiments 

drops with the presence of the space- charge layer, providing direct insight in the 

interface resistance posed by the charge distribution as a consequence of the space-

charge layer. Thereby, this work reveals the quantitative impact of the space-charge 

layers at the cathode-solid electrolyte interface in ASSBs, pointing out the importance 

of strategies to mitigate the space-charge layer effects, for instance by reducing the 



local chemical potential difference at the cathode-solid electrolyte interface. 
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Figure 1. Determination of equilibrium potential of LAGP and LixV2O5 by GITT 

measurements. Both GITT measurements were set as charging/discharging for 30 

mins and 8 h rest. The LAGP/Li cell was charged at a current density of 5 A·cm2
. The 

V2O5/Li cell was charged/discharged at 0.05 C. 

(A) GITT measurements of LAGP/Li cells.  

(B) GITT measurements of V2O5/Li cells. 

(C-E) Discharging V2O5/Li cell at 0.05 C for (C) 2 h, (D) 10h and (E) 20 h respectively 

then resting it for 100 h. 

  



 

 

 

Figure 2. One dimensional (1D) NMR characterizations of LiV2O5, Li2V2O5 and 

Li0.2V2O5  

(A-C) 1D 6Li NMR spectrum of (A) LiV2O5, (B) Li2V2O5 and (C) Li0.2V2O5.  

(D-E) Arrhenius plot of the 7Li spin-spin relaxation time T2 for (D) LiV2O5, (E) Li2V2O5 

and (F) Li0.2V2O5. 

  



Figure 3. 6Li NMR exchange experiments quantifying the spontaneous lithium-

ion transport between the LixV2O5 and LAGP. 

(A, E and I) 1D 6Li MAS spectrum corresponding to (A) LiV2O5-LAGP, (E) Li2V2O5-

LAGP and (I) Li0.2V2O5-LAGP.  

(B-D) 6Li 2D-EXSY spectrum of LiV2O5-LAGP at room temperature from short (0.5 ms) 

to long (1 s) mixing times.  

(F-H) 6Li 2D-EXSY spectrum of Li2V2O5-LAGP at room temperature from short (0.5 ms) 

to long (1 s) mixing times.  

(J) 6Li 2D-EXSY spectrum of Li0.2V2O5-LAGP at room temperature with 1 s mixing time. 

(K) 6Li 2D-EXSY spectrum of Li0.2V2O5-LAGP at 363 K with 1 s mixing time. 

(L) 7Li 2D-EXSY spectrum of Li0.2V2O5-LAGP at room temperature with 0.2 s mixing 

time. 

  



 

Figure 4. Exchange phenomenon within LiV2O5 and Li2V2O5 bulk.  

(A and B) 6Li 2D exchange NMR spectrum of (A) LiV2O5-LAGP and (B) Li2V2O5-LAGP 

at 363 K with 0.3 s mixing time. 

  



 

 

Figure 5. Determination of the activation energy of Li-ion exchange and 

schematic of space-charge layer effects on Li-ion transport.  

(A and C) Normalized intensity of the cross-peaks in 6Li exchange NMR spectrum as 

a function of mixing time at different temperatures for (A) LiV2O5-LAGP and (C) 

Li2V2O5-LAGP. The insets show the temperature dependence of the diffusion 

parameters D based on the Arrhenius law.  

(B and D) Schematic representation of the impact of the space-charge layer at the 

interface of (B) LiV2O5-LAGP and (D) Li2V2O5-LAGP. The blue atoms represent the 

lithium-ion. 

  



 

Figure 6. Space-charge layer model calculation of LiV2O5-LAGP, Li2V2O5-LAGP 

and LiV2O5-LAGP interfaces.  

(A-C) Lithium concentration at the (A) LiV2O5-LAGP interface, (B) Li2V2O5-LAGP 

interface and (C) Li0.2V2O5-LAGP interface. 
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1. Supplemental Figures and Tables

 
Figure S1. (A) XRD and Rietveld refinement of LAGP; (B) EIS curve of LAGP. 
The average crystallite size of LAGP is 110 nm obtained from the refinement 
result.

 
Figure S2. XRD and Rietveld refinements of (A)Li0.2V2O5, (B)LiV2O5 and 
(C)Li2V2O5. The average crystallite size of Li0.2V2O5, LiV2O5 and Li2V2O5 is 20 
nm obtained from the refinement results. 

 



Figure S3. 1D 7Li NMR spectrum of (A) LiV2O5 and (B) Li2V2O5. In both 
spectrum the two resonances near 0 ppm overlap each other due to the 
strong dipolar interactions and quadrupolar interactions. 

Figure S4. (A) XRD of LAGP, LiV2O5 and LiV2O5-LAGP. (B) XRD of LAGP, Li2V2O5 
and Li2V2O5-LAGP (C) XRD of LAGP, Li0.2V2O5 and Li0.2V2O5-LAGP. All the XRD 
measurements were conducted 3 days after the LixV2O5 and LAGP mixing.

Figure S5. O 1s and V 2p XPS spectra of (A) LiV2O5 and (B) LiV2O5-LAGP. (C) 
Ge 3d XPS spectra of LAGP and LiV2O5-LAGP. The XPS results indicate the 
LiV2O5 and LAGP is stable against each other.



 
Figure S6. 1D 6Li NMR spectrum of (A) LiV2O5-LAGP and (B) Li2V2O5-LAGP. In 
both spectrum the two broad resonances locating at ~11 ppm and -8 ppm of 
LiV2O5 (Li2V2O5) disappear due to the low intensity. 

 

Figure S7. 2D 6Li-6Li exchange NMR spectrum of (A) LiV2O5-LAGP and (B) 
Li2V2O5-LAGP. In both spectrum the two broad resonances locating at ~11 
ppm and -8 ppm of LiV2O5 (Li2V2O5) disappear due to the low intensity.



Figure S8. EIS measurement of LiV2O5-LAGP mixture. The diameter of the 
pellet is 8 mm and the thickness is 2 mm.

Figure S9. The diffusion coefficient of exchange lithium-ion at variable 
temperatures for LiV2O5-LAGP and Li2V2O5-LAGP. At all measured 
temperature the diffusion coefficient of LiV2O5-LAGP is higher than that of 
Li2V2O5-LAGP.



Figure S10. Calculated space-charge layer resistance at LiV2O5-LAGP, 
Li2V2O5-LAGP and Li0.2V2O5-LAGP interface.

Table S1 ICP result of the prepared LixV2O5 from chemical lithiation.

Li(wt%) V(wt%) Li(mol) V(mol)

Li0.2V2O5 0.7 51.1 0.2 2.0

LiV2O5 3.2 50.8 1.1 2.0

Li2V2O5 6.2 47.6 1.9 2.0



Table S2 Material properties used in the space-charge layer model.

Property LVO LAGP

Cmax (Li/nm3) 16.8561 13.062

C0 (Li/nm3) variable 5.372

Voltage (vs Li+/Li) 2.4~3.6 V 3 V

ε (relative to ε0) 16.733 414

Ω (eV) 0.0165 0.0

EM (eV/Li) 2.46 4.77

D* (cm2/s) 2*10-9 8 10-9 9

Dmin (cm2/s) 8*10-14 8 -



2. Supplemental Experimental Procedures

Preparation of Li0.2V2O5, LiV2O5, Li2V2O5 and LAGP. 

Nanosized V2O5 (JOHNSON MATTHEY, LONDON) were prepared by ball 
milling in ZrO2 jar at 500 rpm for 4 h. The chemical lithiation of nanosized V2O5 
was carried out by reaction with n-butyllithium(Aldrich, 1.6 M in hexane). The 
V2O5 powder was mixed with hexane (95+%, Aldrich), and the n-butyllithium 
was added while stirring the mixture. By adding different amount of n-
butyllithium Li0.2V2O5, LiV2O5 and Li2V2O5 were prepared, during which 
process the color of the mixture changed from orange to dark green then to 
black, indicating that all the lithium successfully inserted into V2O5. After 3 
days occasionally stirring, the samples were washed with hexane for 3 times 
then dried overnight in vacuum oven at 80 °C. The chemical lithiation process 
was carried out in an argon atmosphere glovebox to prevent reactions with 
oxygen and moisture. After preparation, the samples were analyzed for the 
Li/V ratio by atomic absorption/ICP analysis which confirmed that during 
preparation all the lithium reacted with the V2O5, thus yielding the overall 
compositions as mentioned, as shown in Table S1. The solid electrolyte LAGP 
was synthesized by a conventional solid-state reaction method. The starting 
materials Li2CO3 (99%, Alfa Aesar), Al2O3 (AR, Nanjing Chemical Reagent Co. 
P. R. China), GeO2 (99.999%, Sinopharm Chemical Reagent Beijing Co., P. R. 
China) and NH4H2PO4 (99%, Aladdin) were first ball milled in ZrO2 jar at 400 
rpm for 4 h. Then the mixture was sintered at 600 °C for 1 h and 900 °C for 6 
h, respectively. After each sintering process the same ball milling process was 
carried out. After heat treatment at 900 °C, 0.75 g LAGP powder was pressed 
into a pellet using a 19 mm diameter die and annealed at 900 °C for 6 h for 
impedance measurement. For the 2D exchange experiments, LAGP and 
LixV2O5 powders were ballmilled at 600 rpm for 4 h separately first. The 
ballmilled LixV2O5 and LAGP powders were then mixed by hand grinding in a 
mortar for 30 mins to ensure they were mixed well. Then the mixture was 
pressed into a pellet with a hydraulic press under 100 MPa. After this the 
pellet was grinded in mortar to powder again for another 30 mins. Afterwards 
the powder mixture was well packed into the NMR rotor to ensure the steady 
MAS spinning at 8 kHz.

Cell assembly and electrochemical measurements

V2O5 and LAGP electrodes were prepared by mixing with carbon black, 
polyvinylidene fluorine (PVDF) with a mass ratio of 8:1:1 individually. Then the 
mixture was added to N-methyl pyrrolidone (NMP) solution and stirred for 6 
h. The slurry was coated onto aluminum foil with doctor-blade and dried at 
80 °C overnight. For the V2O5 /Li and LAGP/Li cell measurements, 2032-type 
coin cells were assembled with glass fiber separator, Li foil disk anode and 1 
M LiPF6 in EC/DMC electrolyte. GITT measurements of V2O5/Li and LAGP/Li 



cells were carried out in Maccor battery test equipment (series 4000).

Impedance spectroscopy, XRD and XPS characterization

Alternating-current (AC) impedance measurement was carried out on an 
impedance analyzer (Solartron 1287 coupled with Solartron 1260). The 
perturbation voltage of 5 mV in the frequency range of 1 MHz to 0.1 Hz was 
applied. Powder X-ray diffraction (XRD) patterns were collected over a two-
theta range of 10-100° to identify the crystalline phases of the prepared 
materials using CuKα X-rays (1.5406 Å at 45 kV and 40 mA) on an X’Pert Pro X-
ray diffractometer (PANalytical). A X-ray photoelectron spectrometer with Ar+

beam was employed to investigate the element states in the samples
(PHI5000 VersaProbe-II). Samples were placed on the XPS vacuum holder in 
the glove box and transferred to the XPS spectrometer to prevent 
moisture/air exposure.

Solid-state NMR measurement

6Li (I=1/2, 92.6% abundance) NMR spectra were recorded on an Ascend 500 
MHz Bruker spectrometer. The operating frequencies for 6Li is 73.60 MHz and 
the spinning speed was set to 8 kHz. The chemical shift of 6Li spectra were 
referenced with respect to 0.1 M LiCl solution. Single-pulse 1D spectra were 
recorded after a 90° radio frequency pulse of approximately 4 µs applied with 
a recycle delay of 10 s to ensure quantitative measurement conditions.
Variable temperature two-dimensional (2D) exchange measurements were 
performed using a 4 mm MAS probe from 273 to 363 K. All 2D spectra consist 
of 8 scans for each of the 500 transients, each transient incremented by 200 
µs with a recycle delay of up to 10 s. 𝑇𝑇2 relaxation times were measured via 
a Hahn echo sequence (π/2 - τ - π - τ - acq) for a range of temperatures (258-
438 K).

Spin-spin (T2) relaxation model fitting

An often-applied model for the spin-spin relaxation due to fluctuations in the 
dipolar interactions caused by diffusion is the Bloembergen, Purcell, and 
Pound (BPP) model10. The BPP model for 𝑇𝑇2 relaxation yields

1/𝑇𝑇2 =  𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 �
3
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Where 𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 is proportional to the rigid lattice second moment 〈∆𝑤𝑤2〉. 𝜏𝜏𝑐𝑐

is the correlation time defining the time between lithium-ion hops, and 𝜔𝜔0 is 
the Larmor frequency. Between regime of rapid motion where 〈∆𝑤𝑤2〉1 2⁄ 𝜏𝜏𝑐𝑐 ≪
1 and regime of slow motion where 〈∆𝑤𝑤2〉1 2⁄ 𝜏𝜏𝑐𝑐 ≫ 1, a break point occurs 

where 𝜏𝜏𝑐𝑐 = 𝑇𝑇2/√2 . Assuming the mobility of the ions to be thermally 



activated, the correlation time will obey an Arrhenius law, 𝜏𝜏𝑐𝑐 = 𝜏𝜏∞exp (𝐸𝐸𝑎𝑎/
𝑘𝑘𝐵𝐵𝑇𝑇), where 𝐸𝐸𝑎𝑎 is the activation energy of the jump process, and 1/𝜏𝜏∞ is the 
attempt frequency. For large 𝑇𝑇2, the correlation times obey 〈∆𝑤𝑤2〉1 2⁄ 𝜏𝜏𝑐𝑐 ≪ 1, 

but still 𝜔𝜔0𝜏𝜏𝑐𝑐 > 1, which means that within the BPP model, 1 𝑇𝑇2 = 3𝜏𝜏𝑐𝑐⁄ 𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑/

2 ∝ 𝜏𝜏∞exp (𝐸𝐸𝑎𝑎/𝑘𝑘𝐵𝐵𝑇𝑇). As a result, an Arrhenius plot of ln(1/𝑇𝑇2) versus 1 𝑇𝑇⁄ in 
this range leads to a determination of the activation energy.

Quantification of interfacial exchange

Quantification of exchange between the LiV2O5 (Li2V2O5) and LAGP was 
performed by fitting the growing off-diagonal signal to a diffusion model 

where in a solution to Fick’s law for diffusion is determined 𝜕𝜕𝜕𝜕(𝑟𝑟,𝑡𝑡)
𝜕𝜕𝑡𝑡

= ∇��⃗ ∙

�𝐷𝐷(𝑟𝑟)𝑚𝑚(𝑟𝑟, 𝑡𝑡)�, where 𝑚𝑚(𝑟𝑟, 𝑡𝑡) is the magnetization of Li at position 𝑟𝑟 and t 

and 𝐷𝐷 is the lithium-ion self-diffusion coefficient. By using the mathematical 
models of Schmidt-Rohr and co-workers for spin diffusion, and by assuming 
the overall diffusivity to be equal to the effective diffusion coefficient, the rate 
of demagnetization of lithium ions in the LAGP can be set equal to the initial 
magnetization minus the rate of magnetization in the LiV2O5 (Li2V2O5). 
Assuming a cubic shaped LAGP phase embedded in an infinite LiV2O5

(Li2V2O5) phase, this leads to the following analytical expression for the rate 
of demagnetization from the LAGP into LiV2O5 (Li2V2O5) particles as 
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where ierfc(x) = 1 √𝜋𝜋⁄ exp(−𝑥𝑥2) − 𝑥𝑥[𝑙𝑙 − erf (𝑥𝑥)] and 𝑑𝑑 is the Li diffusion 

distance from the LAGP particle to the LiV2O5 (Li2V2O5). Assuming that 
exchange on average occurs form the centre of a LAGP particle to the centre 
of the LixV2O5 particles, having individual particle sizes of 110 nm and 20 nm 
respectively, this leads to an average diffusion distance of 65 nm.

Space-charge layer model calculation

The space-charge model adopted here is from a previous paper of our 
group11 where the detailed theories and model building processes are well 
described. The assumptions of this model include that the interface contact 
is perfect; LixV2O5 and LAGP are chemically stable to each other; only the 
lithium-ion is mobile at the interface. By using a solid solution model the 
chemical potential as a function of the distance near the interface can be 
determined from the corresponding ion concentration, where the law of 
mass conservation serves as the boundary condition. Specially the columbic 
interaction between defects is taken into consideration to get better 
approximation of the formation energy for the vacancies. The parameters of 



LixV2O5 and LAGP used in this model are listed in Table S2. The formation 
energy of LAGP is unavailable, and therefore, the formation energy of 
another NASICON material LiTi2(PO4)3 is used in this model as an 
approximation.
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