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The LiNbxTa1-xO3 coating layer. It has been reported that an oxide coating layer can suppress 

unfavorable space charge layers in the SE, as well as interfacial reactions.1,2 As such, the LiCoO2 

particles used in this work were coated with a thin layer of LiNbxTa1-xO3, which was shown to 

enhance SSB performance in one of our previous papers.3 The bare LiCoO2 particles exhibit 

very smooth surfaces, which then appear to be covered by a thin, coarse layer after coating 

(Figure S1). A clear boundary separating the layered LiCoO2 and the 10 nm thick, amorphous 

coating layer can be seen under high resolution ADF-STEM (Figure S1d). The presence of 

tantalum and niobium was shown by XPS (see Figure S2). Signatures with binding energies 

around 25 eV and 206 eV correspond well with the binding energies of tantalum 4f and niobium 

3d, respectively. Thus, it is concluded that the surface of the LiCoO2 particles has been 

successfully coated with a thin, amorphous layer of LiNbxTa1-xO3. 

 

Figure S1: (a) SEM image of bare LiCoO2 (b) ADF-STEM image of bare LiCoO2 along the 
[211] direction. (c) SEM image of 1 wt% LiNb0.5Ta0.5O3 coated LiCoO2. (d) ADF-STEM images 
of the coated LiCoO2 along the [211] direction.  
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Figure S2: XPS characterization of LiNbxTa1-xO3 coated LiCoO2. Left: photoemission line of 
Ta 4f. Right: photoemission line of Nb 3d.   

Combining ADF-STEM and XPS characterization, we conclude that the surface of the 

LiCoO2 particles is coated with a thin amorphous layer of LiNbxTa1-xO3.  

 

Figure S3: Comparison of cell voltages for In/LGPS/c-LiCoO2 cells at SOC = 0.5 after the 1st, 
100th, 200th and 300th charge. A linear increase of the cell voltage with increasing cycle 
numbers is observed, indicating the increase in overpotential and thus the increased internal 
resistance of the SSB.  
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Figure S4: Bode plot of impedance spectra of SSB after 1st and 100th charge.  

 

 

Figure S5: SEM images of pristine c-LiCoO2 particles before cycling (left column) and of c-
LiCoO2 particles extracted from cells after 300 cycles (right columns).  
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Local structural observation by ADF-STEM. Figure S6 shows high resolution ADF-

STEM images of the cycled LiCoO2 particles. For comparison, the uncoated LiCoO2 particles 

that failed after only 1 cycle are also provided (Figure S6 a). The structure becomes 

disordered, with multiple, nanometer-sized LiCoO2 domains with randomly distributed 

orientations. The particle surface can even become amorphous at some points. Furthermore, 

EELS line scans on the surface of the uncoated LiCoO2 reveal that the grain mismatched area 

contains disordered LiCoO2.  

In the case of c-LiCoO2, no surface restructuring is observed after 110 cycles (Figure S6 b) 

or 300 cycles (Figure S 6c). The crystalline structure of c-LiCoO2 resembles that of the 

pristine samples prior to the interface with the coating layer. Thus, the coating seems to be 

effective at preventing deleterious surface structural transformations. Further EELS analysis 

supporting this conclusion is presented in Figure S7.  

 

Figure S6: High-resolution ADF- STEM images of the surface of (a) bare LiCoO2 after 1 
cycle, (b) c-LiCoO2 after 110 cycles and (c) c-LiCoO2 after 300 cycles. 
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Figure S7: EELS spectra taken for the bulk of bare LiCoO2, the surface of bare LiCoO2 after 1 
cycle and the surface of c-LiCoO2 after 300 cycles. The O K-pre-edge is absent in the spectra 
taken at the surface of the bare LiCoO2 particle after cycling, which is in good agreement with 
the presence of disordered LiCoO2. 

EELS was carried out in order to unravel more information about local chemical bonding 

of elements at the LiCoO2 surfaces. EELS line scans of the O K-edge show, from bulk to surface, 

an absence of the characteristic ionization O K-pre-edge at 530 eV (Figure S7), when bare 

LiCoO2 was investigated. Meng et al. reported that a disordered LiCoO2 layer forms 

immediately, when LiCoO2 is in direct contact with LiPON.4 The O K-pre-edge of the 

disordered LiCoO2 layer disappears once the sample is exposed to air during sample transport, 

while it remains intact in the ordered bulk LiCoO2. Our observations appear to be quite similar. 

It is thus quite likely that disordered LiCoO2 forms at the bare LiCoO2/LGPS interface. In 

comparison, these changes were not observed near the coating layer/LiCoO2 even after 300 

cycles, indicating that the coated particles do not form disordered LiCoO2 at the surface. This 

corresponds well with the ADF-STEM results shown in Figure S6 b) and c).  
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Figure S8: The comparison of cycled LGPS (two spectra were taken at different points) to 
freshly mixed LGPS/LiCoO2 and pure LGPS using Raman spectroscopy.  

In Figure S8, results of Raman spectroscopy are shown. There are no obvious 

differences between pure LGPS and LGPS/LiCoO2 mixture.We note that the LGPS synthesized 

in this work shows two separate lines at 414 cm-1 and 423 cm-1, while only a broad peak is 

reported in literature.5 The better resolved lines probably indicate a higher crystallinity as well 

as purity of the LGPS synthesized in the work. By comparing with literature,6 the stretching 

vibration of the P-S bond in the (PS4)3- as the main component in LGPS structure could be 

assigned to the lines at 277 cm-1, 423 cm-1 and 570 cm-1.5 In Li3PS4, the typical P-S stretching 

bond is found at 420 cm-1.7 The slight shift to 423 cm-1 in LGPS might be due to the participation 

of Ge, because Ge and P share the same Wyckoff position in the LGPS structure. The line at 

414 cm-1 represents the Ge-S stretching bond.8 A strong line at 361 cm-1 could be assigned to 

the Li-S stretching mode.6,9 Comparing to the spectrum of fresh LGPS, the most obvious change 

in the cycled LGPS spectra lies in the 420 cm-1 region, where only one sharp line could be seen. 

The disappearance of the Ge-S- vibration mode indicates that the local structure around Ge has 
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changed. Compared to point 1, the spectrum at point 2 in the same composite shows only the 

(PS4)3- at 421 cm-1. The disappearance of Li-S stretching mode indicates the involvement of Li-

S redox during charge process, forming a lithium depletion layer. 

The variation of the recorded spectra from point to point demonstrates an 

inhomogeneous current distribution in the composite cathode during cycling, which leads to the 

decomposition of solid electrolyte to different extent.  This corresponds well with the 

literature,10 where distribution of reactions in the composite electrode were found through 

Raman mapping. The variation in degradation is further indicative of different electrochemical 

environments as well as various local strain effects the particles experienced. The change of 

current/potential distribution with the increase in cycle number may happen due to two effect: 

(i) The anisotropic volumetric expansion of LiCoO2 during cycling (e.g. during delithiation, 

Li1-xCoO2 experiences a c-axis volumetric expansion of 2.6% up to x=0.5, with minor variation 

of a-axis)11 may lead to the loss of local grain-to-grain connectivity, once the surrounding SE 

cannot follow the aniosotropic ‘chemo-elastic’ response of LiCoO2 particles.12 (ii). The 

decomposed products at the cathode/SE interface could in return break the balanced percolation, 

resulting in partially overcharged LiCoO2, and/or partially more decomposed LGPS.  

The most direct deleterious consequence of unbalanced ionic percolation paths is the 

overcharge of LiCoO2 particles. As is known, once the delithiation of Li1-xCoO2 exceeds x = 

0.5, irreversible mechanical failure associated with a large change along the c-axis would result 

in quick capacity fading.13 Therefore, the varying electrochemical reactions of LiCoO2 particles 

with increasing cycles can result in structural degradation with locally overcharged particles. 

This is further supported by the observation of the distribution of delithiation reported by 

Tatsumisago et al, by means of Raman image.10 



S-‐9 
 

 

Figure S9: XPS spectra of pure Li2P2S6 (left: S 2p. right: P 2p). The spectra of LGPS (100 
cycles) and non-cycled pure LGPS are used for comparison. Comparing to pure LGPS, the 
spectrum of Li2P2S6 is broader at higher binding energy. In the S 2p spectra, the main S 2p 
lines of Li2P2S6 overlap well with the decomposed LGPS spectrum (namely area A and B, as 
shown in Figure 7). So does the P 2p spectrum (namely area C, as shown in Figure 7). 

 

SE decomposition controlled by cell voltage: A full cell test. A full cell LTO/LGPS/c-LiCoO2 

was assembled and galvanostatically cycled, and the charge-discharge curves of the full cell are 

shown in Figure S10a. Compared to the impedance spectrum with an In anode (Figure S10b), 

only one major semicircle in the MF range was observed, corresponding well to the c-

LiCoO2/LGPS interfacial resistance. A reasonable fitting could be obtained with a R(RQ)(RQ)Q 

model, where the second (RQ) component may be attributed to the interface between LTO and 

LGPS. Interestingly, with increasing cycles, the semicircle in the MF region increases in size, 

while the second resistance remains constant. Thus, the increase can be largely attributed to the 

cathode/SE interface. 
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Figure S10: a) Charge-discharge curves of a LTO/LGPS/c-LiCoO2 SSB full cell. b) Nyquist 
plot recorded after the 1st, 10th, 13th and 15th cycle. The internal resistance increases with 
increasing cycle number. Fitting with the R(RQ)(RQ)Q model reveals that RMF increases, while 
RLF remains unchanged with increasing cycles. 
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Table S1: Resistance and capacitance data used for the fitting of EIS spectra shown in Figure 

2. 

    After 1st cycle   After 100th cycle 
RSE (Ω)   15   14 
RHF (Ω)   3   201 

CPEHF (S s-α)  1.2 · 10-5  1.9 · 10-8 

αHF 
 

0.8 
 

0.8 

CHF (F)   9.3 · 10-7   8.4 · 10-10 
RMF (Ω)   28   171  

CPE MF (S s-α)  9.3 · 10-5  3.9 · 10-5 

αMF 
 

0.7 
 

0.6 

C MF (F)   7.3 · 10-6   1.4 · 10-6  
RLF (Ω)  14  118 

CPELF (S s-α)  1.3 · 10-2  2.9 · 10-3 

αLF 
 

0.8 
 

0.6 

CLF (F)   7.5 · 10-3   1.3 · 10-3 
 

Table S2: Resistance and capacitance data used for the fitting of EIS spectra shown in Figure 

8. 

  1st 10th 13rd 15th 
RSE (Ω) 8 8 8 8 
R1 (Ω) 13 18 20 22 

CPE1 (S s-α) 2.5 · 10-4 2.5 · 10-4 2.2 · 10-4 2.2 · 10-4 

α1 0.62 0.62 0.62 0.61 

C1 (F) 7.5 · 10-6 6.8 · 10-6 7.8 · 10-6 7.2 · 10-6 
R2 (Ω) 11 10 10 10 

CPE2 (S s-α) 0.040 0.048 0.051 0.053 

α2 0.56 0.57 0.52 0.52 

C2 (F) 2.1 · 10-2 2.7 · 10-2 2.7 · 10-2 2.9 · 10-2 
Rtotal (Ω) 32 36 38 40 
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Table S3: Fit parameters used for the post-mortem XPS analysis shown in Figure 6. 
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