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ABSTRACT
The unstable interfacial contact and slow Li+ transport at the side of cathode have been two major challenges for practical application of garnet-based 
solid-state batteries (SSBs). In this work, a strategy of metal-ligand coordination induced rapid Li+ transport kinetics through bidirectional anchoring is 
proposed to address aforementioned issues by decorating the cathode with Li6.4La3Zr1.4Ta0.6O12 (LLZTO) nanoparticles and stabilizing the interface with 
succinonitrile-based interlayer (SL). The strong metal- ligand coordination of the -CN in SL with the LLZTO solid-state electrolytes and the LiCoO2 

(LCO)@LLZTO composite cathode enables an intimate contact at the atomic scale, constructing bidirectional channels of fast Li+ transport at the interface. 
Additionally, LLZTO nanoparticles within the composite cathode establish three- dimensional (3D) channels of fast Li+ transport. The synergistic effect of 
the bidirectional channels of fast Li+ transport at the interface and 3D channels of Li+ transport at internal cathode achieves rapid Li+ transport kinetics at 
the cathode side. As a result, a high-capacity retention of 80.6% after 700 cycles at 0.1 C is achieved for the LCO@LLZTO(SL)|LLZTO|Li batteries (3.0-4.2 
V, 3 mg·cm-2). It also exhibits excellent cycling performance even at high voltages of 3.0-4.4 V. This work offers a new possibility for fabricating ultra-stable 
SSBs.
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Introduction
To reduce the use of fossil fuels and address the increasingly severe 
energy crisis, lithium-ion batteries have been widely applied in 
energy storage devices [1]. Currently, the flammable organic 
electrolytes used in commercial applications are highly mobile and 
volatile, making them prone to leakage, combustion, and explosion 
due to thermal runaway [2]. Moreover, the energy density of liquid 
lithium-ion batteries has reached its limit. In pursuit of higher energy 
density, lithium metal, with its high theoretical specific capacity, 
is considered one of the most promising anode materials [3, 4]. 
However, the growth of lithium dendrites can cause short circuits, 
further exacerbating the safety risks associated with liquid lithium 
metal batteries [5]. Solid-state electrolytes (SSEs), with their flame 
retardancy and high mechanical strength, can effectively suppress 
the growth of lithium dendrites and reduce fire hazards, making 
them the ultimate replacement for liquid electrolytes [6-9].

Among various SSEs, the garnet-type Li7La3Zr2O12 (LLZO) stands 
out as one of the most promising candidates for all-solid-state 
lithium metal batteries (ASSLMBs) due to its high lithium-ion 
conductivity and stability against metal anodes [10-13]. However, 
there is still a significant interfacial resistance between the 
electrode and the rigid LLZO SSEs, which is due to the inherent 
poor contact at the electrode/electrolyte interface [14-16]. This 
issue is particularly severe in the cathode because the volume 
of active material changes significantly during Li+ intercalation/
deintercalation processes, leading to interface delamination, which 
is detrimental to Li+ transport at the interface [17]. Moreover, LLZO 
SSEs are completely non-wetting to the cathode, and the limited ion 
transport performance of the cathode is detrimental to the stability 
of the battery and the release of capacity [18-20].

To achieve rapid Li+ transport between the composite cathode and 
SSEs, various strategies have been proposed. For example, Han et 
al. used a Li2.3Co0.7B0.3O3 sintering aid to co-sinter with composite 
cathode composed of LCO and LLZO powder, successfully 
introducing an ion conductor into the cathode and achieving close 
contact at interface between the composite cathode and garnet 
SSEs. But composite cathodes prepared by co-sintering method 
are difficult to achieve high loading mass, and the rigid sintered 
interface does not support long-term cycling [21]. The addition of 
interfacial buffer layers, such as liquid electrolytes, ionic liquids, 
and polymer gels at the interface can reduce interfacial resistance 
and wet the cathode [15, 22, 23]. However, the liquid electrolytes 
are continuously consumed during the charging and discharging 
process. Ionic liquids are prone to decompose at voltages above 
4V. Polymer gels have poor compatibility with oxide cathodes 
and inorganic SSEs, making it struggle to achieve close contact 
at the interface on an atomic scale. These factors can lead to 
unstable interface, impeded Li+ transport, and rapid capacity decay 
in the battery. Compared to these three types of interface layers, 
plastic crystal succinonitrile (SN) can effectively fill the cathode/
garnet interface and has strong oxidative resistance, making it 
well- suited for high-voltage cathodes [24-26]. At the same time, 
the nitrile groups (-CN) in SN are commonly used ligands for 
constructing metal-ligand coordination bonds and have a strong 
tendency to coordinate with a variety of metal atoms [27, 28]. In 
previous studies, coordination chemistry has been widely applied 
in composite solid-state electrolytes, gel electrolytes, and other 
systems to enhance the mechanical strength of electrolyte matrix, 
suppress the decomposition of electrolyte, and prevent the side 
reactions [29, 30]. To date, unfortunately, the significance of strong 
interaction of coordination to stabilize the interface and accelerate 
the Li+ transport between cathode and SSEs has been ignored, 

which inspires us to explore how to fully leverage metal- ligand 
coordination to maximize its advantages in the ASSLMBs system.

Herein, the strategy of metal-ligand coordination induced 
bidirectional anchoring is proposed to facilitate fast Li+ transport 
throughout the side of cathode and construct a stable interface. A SN-
based interlayer (SL) containing a large number of -CN is introduced 
into the interface and able to anchor both of composite cathode and 
Li6.4La3Zr1.4Ta0.6O12 (LLZTO) SSEs. The La ions exposed on the 
surface of LLZTO can coordinate with the lone-pair-electrons of 
the N atoms on -CN. On one hand, the SL can firmly anchor the 
LLZTO SSEs through metal-ligand coordinate of La ions with -CN. 
On the other hand, the SL can also anchor the composite cathode, 
in which LLZTO nanoparticles penetrate deeply into the LCO. The 
bidirectional anchoring effect induced by metal-ligand coordination 
between La ions and -CN can achieve an intimate contact at the 
atomic scale, leading to constructing bidirectional channels of fast 
Li+ transport at the interface. At the same time, LLZTO nanoparticles 
in the LCO composite cathode established three dimensional (3D) 
channels of fast Li+ transport within the cathode. The 3D channels 
can effectively reduce electrode polarization and improve the release 
of capacity from LCO active material at internal electrode. The 
synergistic effect of the bidirectional channels of fast Li+ transport 
at the interface and 3D channels of Li+ transport within cathode 
achieves fast Li+ transport kinetics between composite cathode and 
LLZTO SSEs. The strong coordination between La ions and -CN 
are systematically studied by comprehensive characterizations and 
density functional theory (DFT) calculations. The results indicate 
that LLZTO effectively anchors SN, giving rise to increasing the 
diffusion of Li+ at the cathode side. Due to the aforementioned 
beneficial effects, the LCO@LLZTO(SL)|LLZTO|Li batteries 
can stably work for 700 cycles at 0.1C, with a capacity retention 
of 80.6%. The metal-ligand coordination induced bidirectional 
anchoring strategy enhances the compatibility of LLZTO SSEs with 
high-voltage cathodes, enabling the LCO@LLZTO(SL)|LLZTO|Li 
batteries to stably cycle for 300 times at 0.1C (3.0-4.4 V, 3 mg·cm-2). 
This work provides new insights into how to design the long-life 
and high-voltage ASSLMBs from the perspective of improving the 
Li+ transport kinetics at cathode side.

Results and Discussion
The Designing Principle of Metal-Ligand Coordination Induced 
Bidirectional Anchoring Strategy

Figure 1: (a) Introducing LE into the Interface between LCO 
Cathode and LLZTO SSEs. (b) Introducing SL into the Interface 
between LCO Cathode and LLZTO SSEs. (c) Decorating the 
Cathode with LLZTO Nanoparticles and Introducing SL into 
the Interface between LCO@LLZTO Composite Cathode and 
LLZTO SSEs. (d) Schematic of Metal-Ligand Coordination 
Induced Bidirectional Anchoring Effect.
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Three kinds of models are illustrated in Fig. 1 to compare the 
origins of resistance to Li+ transport at the side of cathode. 
Liquid electrolytes are commonly used as interface wetting 
agents to improve contact between LLZTO and electrodes (Fig. 
1a). Due to the volatility and fluidity of liquid electrolytes, the 
instable interface will be continuously consumed, which leads 
to a deterioration of kinetics. Substitution of SN- based curing 
liquid for liquid electrolytes can establish a stable SL between the 
cathode and LLZTO SSEs (Fig. 1b) [25]. At the same time, the 
-CN in the SL coordinate with the La ions in LLZTO, achieving 
an intimate contact at the atomic scale and constructing fast 
Li+ transport channels between the LLZTO and the SL [31]. 
However, the contact between the LCO cathode and the SL suffers 
from interfacial delamination due to interface stress during the 
electrochemical cycling process. Moreover, Li+ relies entirely on 
the LCO active material with low ionic conductivity to transport 
into the interior of cathode, leading to a limited diffusion rate and 
depth of Li+ [19]. Therefore, LLZTO nanoparticles are employed 
to decorate the LCO active materials to form LCO@LLZTO 
composite cathode, which utilizes the metal-ligand coordination 
between La ions and the -CN in the SL, and significantly 
enhances the contact between the composite cathode and the 
SL. This reduces the tensile stress generated at the interface due 
to volume changes of LCO particles during cycling, effectively 
preventing interface delamination. The LLZTO nanoparticles 
at the composite cathode also establish 3D channels for fast Li+ 
transport [18]. This facilitates the rapid transport of Li+ within the 
composite cathode, effectively reducing cathode polarization and 
improving the release of capacity from LCO particles. The strong 
metal-ligand coordination of -CN with the LLZTO SSEs and the 
LCO@LLZTO composite cathode allows SL to firmly anchor 
both the SSEs and composite cathode, constructing bidirectional 
channels of fast Li+ transport at the interface. As a result, the 
rapid Li+ transport kinetics within the composite cathode and at 
the composite cathode/LLZTO interface can be realized through 
the bidirectional metal-ligand coordination anchoring strategy 
(synergistic effect of decoration of the LCO@LLZTO composite 
cathode and the SL) (Fig. 1d).

Analysis of the Metal-Ligand Coordination between LLZTO 
and SN
First, LLZTO powder is mixed with molten SN. After cooling 
and standing for two weeks, the chemical stability of LLZTO 
and SN is studied by X-ray diffraction (XRD). As shown in Fig. 
2a, the characteristic peaks of LLZTO match well with the garnet 
Li5La3Nb2O13 structure (JCPDS: 45-0109). The positions of these 
characteristic peaks do not change after mixing and standing in 
SN, confirming that LLZTO do not react with SN to form new 
phases and exhibit good chemical stability. 13C nuclear magnetic 
resonance (NMR) tests are conducted on pure SN and SN/LLZTO 
mixtures to study the electronic aggregation state of atoms in SN, as 
shown in Fig. 2b and c. The 13C nuclear magnetic resonance spectra 
of pure SN shows a typical peak for methylene (-CH2, orange 
carbon) carbon at ~13.81 ppm, and the nitrile (-CN, red carbon) 
carbon has a peak at ~118.60 ppm. By contrast, the resonance of 
methylene carbon in the mixture of SN/LLZTO shifts to a lower 
field, and the resonance of nitrile carbon shifts to a higher field. 
This indicates an increase in electron density around methylene 
carbon atoms and a decrease in electron density around nitrile 
carbon atoms. This finding suggests that the interaction between 
SN and LLZTO leads to a redistribution of electrons in SN [32]. 
Fig. 2d shows the Raman spectra of LLZTO and SN at different 
mixing ratios. The -CN of SN corresponds to the peak at 2254cm-1, 
and as the content of LLZTO increases, the intensity of 2254 cm-1 

peak decreases, indicating that the interaction between SN and 
LLZTO is caused by the -CN. X-ray photoelectron spectroscopy 
(XPS) is further used to study the interaction between SN and 
LLZTO [33]. As shown in Fig. 2e, compared with the N1s spectra 
of pure SN, in addition to the -CN peak at 399.85 eV, a strong 
peak of -CN coordination is observed at 398.58 eV for the SN/
LLZTO mixture. This result further indicates that the -CN in SN 
coordinate with certain metal atoms in LLZTO, leading to an 
overall decrease in the binding energy of the N1s spectra and an 
increase in electron density around the N atoms [28,31]. To further 
investigate the metal atoms coordinated with the -CN, the XPS 
spectra of La3d in the SN/LLZTO mixture and pure LLZTO are 
analyzed (Fig. 2f). As for pure LLZTO, two sets of La3d peaks 
with binding energy of 833.86, 837.97, 850.48, and 854.97 eV 
can be observed, which shift to higher binding energy of 0.49, 
0.39, 0.42, and 0.44 eV after adding SN [34, 35]. At the same 
time, two new peaks appear at 831.56 eV and 858.20 eV in the 
La 3d spectra. All of these findings indicate that the -CN of SN 
coordinate with the La ions in LLZTO. In addition, the increase 
of binding energy for La3d peak indicates a decrease in electron 
density around La after coordination with the -CN [36]. The 
decrease in electron density around La ions and the increase in 
electron density around N atoms further confirm the coordination 
between La ions and -CN.

Figure 2: (a) XRD Patterns of LLZTO, SN and SN/LLZTO 
Mixtures Stored for 2 Weeks. 13C NMR Spectra of (b) Methylene 
(-CH2, Orange Carbon) Carbon and (c) Nitrile (-CN, Red Carbon) 
Carbon in Pure SN and SN/LLZTO Mixtures. (d) Raman Shift 
of Pure SN and SN Mixes with LLZTO of different Mass Ratios. 
Normalized using the Peak at 2948cm-1. XPS Spectra of (e) N1s 
and d) La3d of SN and SN/LLZTO Mixtures. (g) The Charge 
Density difference of SN Adsorbs on LLZO Surface. The Yellow 
and Blue Regions Represent the Accumulation and Loss of 
Electrons. (h) ELF Calculations of SN Molecule Adsorbed on 
LLZO Surface and (i) Pure LLZO Surface

To further elucidate the mechanism of interaction between SN 
and LLZO, calculations based on density functional theory (DFT) 
are used to obtain the work function, charge density difference 
and electron localization function (ELF) of the structural model 
of SN adsorbed on the LLZO surface (Fig. 2g-i, S1 and S2) [37-
39]. The work function of SN is lower than that of LLZO, which 
means the N atoms in the -CN of SN possess a high electron 
density and can coordinate with the electron- deficient La ions 
in LLZO. After SN is adsorbed onto the surface of LLZO, the 
-CN near the LLZO surface lose electrons along the bond axis, 
resulting in an increase in potential. However, the differential 
electron density of SN adsorbed on the LLZO surface indicates 
that after adsorption, the La ions on the surface of LLZO lose 
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electrons, while the N atoms in -CN gain electrons. This finding 
is consistent with the chemical shift results of the XPS peaks. This 
occurs because when -CN comes into contact with LLZO, the N 
atoms absorb electrons from the surrounding nitrile carbon atoms 
and transfers them to the outer d-orbit of La ions with which they 
coordinate [34]. Due to the π-back donation effect, La ions also 
donate inner orbital electrons to -CN, establishing coordination 
function [40, 41]. The N atoms absorb electrons from the nitrile 
carbon and the La ions, increasing the electron density around 
them. At the same time, the lattice oxygen inside LLZO has a 
strong electronegativity, causing the electrons in the outer d-orbit 
of the La ions to transfer towards the nearby lattice oxygen due to 
its strong ability of electron-withdrawing. This results in a decrease 
in electron density around the La ions. Moreover, the coordination 
effect induces the redistribution of electrons in SN, leading to the 
transfer of electrons around the nitrile carbon and hydrogen atoms 
to the N atoms and methylene carbon. This finding corresponds 
to the changes in electron density of carbon atoms in the NMR 
results. To further confirm the change in electron density of LLZO 
coordinating with SN, the ELF of SN-adsorbed LLZO model 
and pure LLZO model are presented in Fig. 2h and i. The results 
indicate that the electrons around La ions are delocalized, while 
the electrons around the lattice oxygen are localized, exhibiting 
a strong electron-binding capability [42]. After -CN coordinates 
with La ions, the lattice oxygen readily absorbs electrons from 
the outer d- orbit of La ions. The lattice oxygen absorbs a large 
number of electrons, giving rise to a decrease in the electron 
density around La ions.

Beneficial Mechanisms of Metal-Ligand Coordination Induced 
Bidirectional Anchoring

Figure 3: Morphologies of the Composite Cathode, LLZTO 
Nanoparticles and the Composite Cathode/LLZTO SSEs Interface. 
SEM Images of (a) the Composite Cathode, (b) the LLZTO 
Nanoparticles. (c) SEM Cross-Section of the Composite Cathode/
LLZTO SSEs Interface and Corresponding EDS Mapping of (d) 
N, (e) Co, and (f) La.

The coordination between the -CN and La ions can create a strong 
connection between the interface layer and the electrolyte, enabling 
rapid Li+ transport between the SL and the LLZTO SSEs. On this 
basis, we introduce LLZTO nanoparticles into the cathode, aiming 
to enhance the contact between the SL and the composite cathode 
through metal-ligand coordination. This approach is intended 
to address interface delamination caused by volume changes 
of active materials during long-term cycling [17]. In this work, 
commercial LCO is used as the cathode active material, and LLZTO 
nanoparticles decorated LCO are prepared by ball milling and 
then high-temperature sintering. To obtain the optimal ratio, three 
decorating ratios of 2 wt.%, 4 wt.%, 8 wt.% are selected to make a 
comparison [43]. The morphologies of the undecorated LCO and 

the LCO decorated with LLZTO nanoparticles are shown in Fig. 
S3, while the electrochemical performances of the LCO/Li batteries 
are presented in Fig. S4. According to Fig. S3 and S4, the LCO 
cathode decorated with 4 wt.% LLZTO not only exhibits the most 
uniform distribution of La and Co but also demonstrates the best 
cycling stability and rate performance among the three samples. 
Therefore, the LCO decorated with 4 wt.% LLZTO nanoparticles 
(LCO@LLZTO) is used as the representative sample to reveal the 
beneficial effects of the bidirectional metal-ligand coordination 
anchoring strategy. Scanning electron microscopy (SEM) images of 
the LCO@LLZTO and LLZTO electrolyte powders are described 
in Fig. 3a and b, with LLZTO being a few hundred nanometers in 
size and LCO being a few micrometers in diameter. According to 
SEM image of LCO@LLZTO, the nanosized LLZTO tightly wraps 
the surface of the LCO particles. In addition, as shown in Fig. S5, 
the EDS analysis of the LCO@LLZTO composite cathode also 
indicates confirms that the Co and La elements are homogeneously 
distributed, further verifying the uniform distribution of LCO and 
LLZTO in the composite cathode. Subsequently, the LLZTO SSEs 
with high ion conductivity are synthesized according to our previous 
studies (Fig. S6) [44]. The composite cathode is attached to the 
surface of LLZTO SSEs by using SN-based curing liquid. After 
cooling down, the SN-based curing liquid is solidified to form 
an intimate interfacial layer between the composite cathode and 
the LLZTO SSEs (Fig. 3c). Fig. 3d shows the distribution of N 
elements at the side of composite cathode, further indicating that 
the SL effectively fills the gap between the composite cathode and 
LLZTO SSEs Because LLZTO nanoparticles are introduced into the 
composite cathode, there are abundant La elements on both sides 
of the SL layer (Fig. 3e). The - CN can easily coordinate with La 
ions, which allows the SL to firmly anchor the composite cathode 
and the LLZTO SSEs, constructing bidirectional channels of fast 
Li+ transport at the interface. As shown in Fig. 3e and f, the EDS 
spectra of Co and La elements indicate that LLZTO nanoparticles 
are deeply integrated into the composite cathode, establishing 3D 
channels of fast Li+ transport within the composite cathode. The 
synergistic effect of nano-decoration of cathode and the SL is going 
to promote the rapid Li+ transport kinetics at the cathode side.

Figure 4: Interfacial Analysis Before and After Cycling. (a, b) SEM 
Cross-Section of the Composite Cathode/LLZTO SSEs Interface 
Before and After Cycling. XPS Depth Etching Analysis of the 
LLZTO SSEs Before and After Cycling. (c, d) N1s and (e, f) La3d.
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To explore the influence of electrochemical processes on 
coordination, SEM and XPS depth etching are used to study the 
interface modified by bidirectional coordination strategy after 100 
cycles. The SEM images show that the interface of composite 
cathode/LLZTO SSEs remains complete before and after cycling 
(Fig. 4a and b), with no obvious cracks or pores. This indicates 
that the SL can effectively reduce cracking caused by interfacial 
stress, maintaining a stable contact interface between the composite 
cathode and LLZTO SSEs. To explore why the interface remains 
stable during cycling, in-depth etching XPS spectra (Fig. 4c-f) are 
conducted to analyze the effect of cycling process on coordination. 
As shown in Fig. 4c and d, two peaks located at 399.85 eV and 398.56 
eV correspond to the -CN and -CN-La coordination, respectively, 
and the intensity of both gradually decreases with increasing etching 
time. After etching for 140 s, the -CN peak disappears and the 
intensity of the -CN-La coordination peak significantly decreases 
in the sample before cycling. However, the - CN peak can still be 
detected in the sample after cycling, with the -CN-La coordination 
peak exhibiting higher intensity than that of the sample before 
cycling [27]. Additionally, we compared the nitrogen (N) content 
on the surface of the samples before and after cycling. At each 
etching depth, the N content in the sample after cycling is much 
higher than that in the pre-cycling samples (Fig. S7). This finding 
indicates that during cycling, due to the intercalation/deintercalation 
of Li+, the -CN is brought into the interior of the LLZTO SSEs, 
significantly increasing the number of coordination bonds inside. In 
addition, the La3d spectra for LLZTO SSEs before and after cycling 
are shown in Fig. 4e and f. There are four La3d peaks at 833.86, 
837.97, 850.48, and 854.97 eV, and it is clear that two extra -CN-La 
coordination peaks at 831.56 and 858.20 eV can be observed. With 
an increasing etching time, the intensity of the two coordination 
peaks gradually decreases. However, at a given etching depth, the 
coordination peaks of the samples after cycling are significantly 
larger than those of the samples before cycling. This finding is 
consistent with the change in the peak of -CN- La coordination in 
the previous N1s etching spectra, further indicating that the content 
of -CN-La coordination bonds in the deep layer after cycling is 
much higher than that before cycling (Fig. S7). As mentioned 
before, the coordination of -CN with La ions will cause the La3d 
spectra to shift to a higher binding energy. The binding energies of 
the La3d spectra peaks of the samples before and after cycling are 
also compared (Table S1). Under the same etching time, the shift 
of binding energy of La3d spectra of the sample after cycling is 
higher than that of the sample before cycling, which also indicates 
that the sample after cycling has a stronger coordination effect 
inside. These phenomena indicate that the electrochemical cycling 
enhances the contact between the SL and the LLZTO SSEs at the 
atomic scale, leading to an improvement of interfacial compatibility 
[31]. Therefore, it can effectively inhibit the interfacial delamination 
during the cycling process. XPS depth etching is also performed 
on the LCO@LLZTO composite cathode (Fig. S8). Similar to the 
results of LLZTO SSEs, the content of coordination bonds in the 
interior of composite cathode after cycling is significantly higher 
than that before cycling. Therefore, the SL can further strengthen the 
anchoring effect on the composite cathode and LLZTO SSEs during 
the cycling process, effectively avoiding interface delamination 
caused by volume changes of active materials and side reactions 
during cycling, resulting in stabilizing the channels of bidirectional 
fast Li+ transport [45, 46].

Excellent Electrochemical Performance of Garnet-Type Solid-
State Batteries

Figure 5: (a) The Rate Performance of LCO@LLZTO(SL)/LLZTO/
Li and LCO(SL)/LLZTO/Li Batteries from 0.1 C to 0.5 C. (b) Long-
Term Cycling Performance of LCO@LLZTO(SL)/LLZTO/Li and 
LCO(SL)/LLZTO/Li Batteries at 0.1 C Rate. (c) Charge-Discharge 
Curves of LCO@LLZTO(SL)/LLZTO/Li Batteries from 0.1 C to 
0.5 C. Charge-Discharge curves of (d) LCO@LLZTO(SL)/LLZTO/
Li and (e) LCO(SL)/LLZTO/Li Batteries During Cycling at 0.1 
C. (f) Long-Term Cycling Performance of LCO@LLZTO(SL)/
LLZTO/Li Batteries for High Voltage at 0.1 C rate (3.0-4.4 V). 
(g) Charge-Discharge Curves of LCO@LLZTO(SL)/LLZTO/Li 
Batteries During Cycling at 0.1 C(3.0-4.4V). (h) Comparison of 
Electrochemical Performance with Existing Literature.

The performances of full batteries further demonstrate the beneficial 
effects of the metal-ligand coordination induced bidirectional 
anchoring strategy on practical applications. The electrochemical 
performance of LCO|LLZTO|Li batteries at different rates 
from 0.1 C to 0.5 C at 3.0-4.2 V is shown in Fig. 5a, c and S9. 
The rate performance of the LCO@LLZTO(SL)|LZZTO|Li 
batteries which employs the metal-ligand coordination induced 
bidirectional anchoring strategy is significantly better than that of 
the LCO(SL)|LLZTO|Li batteries. This result indicates that the 
decoration of LLZTO particles on LCO accelerates the transfer of 
Li+ inside the cathode, and the LCO@LLZTO composite cathode 
has higher ionic conductivity, which is beneficial for the release of 
capacity [18,19]. The capacity of LCO(LE)|LLZTO|Li using LE 
as the interfacial layer exhibits significant capacity decay and poor 
reversibility when the rate returns to 0.1 C although it presents similar 
rate performance to that of the LCO@LLZTO(SL)|LLZTO|Li 
batteries. This result is highly related to the continuous consumption 
of the LE during cycling.

Fig. 5b shows the long-term cycling performance of the batteries 
at 0.1C from 3.0 - 4.2 V. The initial discharge capacity of the 
LCO@LLZTO(SL)|LLZTO|Li batteries are 129.9 mAh g−1, with 
a capacity retention of 86.5% after 400 cycles. Even after 700 
cycles, the capacity retention remains at 80.6%, indicating excellent 
cycling stability. By contrast, the initial discharge capacity of the 
LCO(SL)|LLZTO|Li batteries are only 120 mAh g−1, with a capacity 
retention of 61.7% after 700 cycles. This is attributed to the absence 
of 3D channels for fast Li+ transport within the bare LCO cathode, 
which affects the release of capacity. During long-term cycling, 
volume changes of the cathode active material cause delamination 
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between the composite cathode and the SL, disrupting the Li+ 
transport channels at the interface and leading to continuous capacity 
decay. At the same time, a long-cycling test is also performed on the 
batteries with the LCO cathode interfaced with liquid electrolytes, 
but the capacity retention is only 31.6% after 200 cycles, which is 
much worse than the SL with coordination with La ions (Fig. S10). 
In addition, the LCO@LLZTO(SL)|LLZTO|Li batteries also exhibit 
excellent long-cycle performance at 0.5C, with a capacity retention 
of 97.6% after 500 cycles (Fig. S11). Fig. 5d and 5e show the 
charge-discharge curves of the batteries using LCO@LLZTO and 
LCO cathodes, respectively. The initial polarization voltage of the 
SSBs using the LCO@LLZTO composite cathode is significantly 
lower than that of the batteries using the LCO cathode, showing a 
very low value of 0.08 V. The addition of LLZTO ion conductor 
within the cathode constructs fast Li+ transport paths. Meanwhile, 
bidirectional channels of fast Li+ transport at the interface are built 
through the metal- ligand coordination between La ions and -CN, 
enabled by the bidirectional anchoring effect. This facilitates rapid 
transport of Li+ throughout the cathode side. Even after 700 cycles, 
the polarization voltage does not increase significantly. By contrast, 
the polarization of the batteries using the LCO cathode rises sharply 
after 100 cycles, but it is better than that of LCO(LE)|LLZTO|Li 
(Fig. S10).

To verify the stability of the SL at high voltage, the LCO@
LLZTO(SL)|LLZTO|Li and LCO(SL)|LLZTO|Li batteries are 
assembled and cycled at 0.1 C from 3.0-4.4 V, as shown in Fig. 5f 
and g. The initial capacity of the LCO@LLZTO(SL)|LLZTO|Li is 
147.3 mAh g−1, with a capacity retention of 81.6% after 300 cycles. 
In contrast, the LCO(SL)|LLZTO|Li batteries have a lower initial 
capacity and poorer capacity retention. Even at the higher rate of 0.5 
C, the LCO@LLZTO(SL)|LLZTO|Li batteries still have a capacity 
retention of 90.6% after 500 cycles, demonstrating excellent high- 
voltage cycling stability (Fig. S12). These electrochemical results 
indicate that the metal-ligand coordination induced bidirectional 
anchoring strategy has achieved rapid Li+ transport kinetics between 
the composite cathode and LLZTO SSEs, and greatly improves the 
discharge capacity and cycling stability of the batteries. As shown in 
Fig. 5h and Table S2, our work has a significant advantage in terms 
of battery cycling capacity and stability over the latest literatures, 
indicating that the metal-ligand coordination induced bidirectional 
anchoring strategy is very effective to promote kinetics in SSBs 
[18, 19, 21, 47-51].

Figure 6: The Corresponding dQ/dV Curves of (a) LCO/LLZTO/Li and (b) LCO@LLZTO(SL)/LLZTO/Li Batteries at Selected Cycles 
for Long-Term Cycling. (c)The GITT Curves and (d) the Li+ Diffusion Coefficients of LCO/LLZTO/Li and LCO@LLZTO(SL)/LLZTO/
Li Batteries During the 1st Charge-Discharge Process. The EIS of LCO/LLZTO/Li and LCO@LLZTO(SL)/LLZTO/Li Batteries (e) 
before and (f) after 200 Cycles (Insets are the Equivalent Circuit used to fit the EIS Curves).
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To study the polarization of different composite cathodes during 
cycling, we conduct dQ/dV tests and evaluate the electrode 
polarization based on the difference between the oxidation peak 
position and the reduction peak position (dV). As shown in Fig. 
6a and b, the dV values of the LCO cathode and LCO@LLZTO 
cathode are nearly identical during the first cycle, both measuring 
0.04 V. After 200 cycles, the oxidation peak of the LCO cathode 
shifts significantly to the positive direction, and its dV value 
increases to 0.136V. This indicates a rapid increase in electrode 
polarization Additionally, the intensity of the oxidation peak 
decreases significantly, indicating irreversible destruction of the 
crystal structure during cycling. In contrast, the LCO@LLZTO 
cathode exhibits more reversible oxidation and reduction peaks, 
with minimal change in dV and intensity. This is attributed to the 
incorporation of the LLZTO ion conductor, which accelerates the 
transfer of Li+ between particles within the cathode. This effectively 
reduces the polarization of the electrode, mitigates the structural 
collapse of the cathode surface caused by over- deintercalation 
of Li+, and maintains the stability of the electrode structure [52].

In addition, galvanostatic intermittent titration technique (GITT) 
tests are conducted to explore the effect of modification on Li+ 
diffusion kinetics, and the lithium-ion diffusion coefficient (DLi+) is 
calculated according to the GITT results and Fick’s second law. As 
shown in Fig. 6c and d, the LCO@LLZTO(SL)|LLZTO|Li batteries 
have lower electrochemical polarization and stronger reversibility 
during charge- discharge. At the same time, the DLi+ calculated 
according to GITT shows that the LCO@LLZTO(SL)|LLZTO|Li 
batteries have higher DLi+ compared to the LCO(SL)|LLZTO|Li 
batteries. This enhancement in DLi+ is due to the metal-ligand 
coordination constructing fast Li+ transport channels between the 
composite cathode and the SL. Moreover, the LLZTO nanoparticle 
decorating layer has excellent Li+ conductivity. The synergistic 
effect of these two factors ensures faster Li+ transport kinetics of 
the batteries during charge-discharge.

To further understand the changes in interfacial resistance, the 
electrochemical impedance spectroscopy (EIS) of the batteries 
before and after cycling is studied, and the Nyquist diagrams with 
corresponding equivalent circuits are shown in Fig. 6e, f and S10. 
Before cycling, the incomplete semicircle (Rb) at high frequency 
represents the total resistance of the solid electrolyte and SL. The 
first semicircle (Rct) at medium frequency represents the interfacial 
resistance, and the straight line (W1) at low frequency is related 
to Li+ diffusion resistance. After 200 cycles, a new semicircle 
(Rcei) appears in the medium frequency region of the batteries 
with the SL. This semicircle is attributed to the formation of a 
CEI film during cycling, with LiF being the main component 
(Fig. S8) [53]. The continuous thickening of the LiF layer with 
the increase of cycle time is the primary reason for the observed 
increase in impedance during cycling. By comparing the EIS fitting 
results of LCO(SL)|LZZTO|Li and LCO@LLZTO(SL)|LZZTO|Li 
batteries before and after cycling, it can be found that the LCO@
LLZTO(SL)|LZZTO|Li batteries have a lower Rct before cycling. 
After 200 cycles, the Rct of the LCO@LLZTO(SL)|LLZTO|Li 
batteries only increase by about 100 Ω, while the Rct value of the 
pure LCO cathode batteries almost doubles. This indicates that the 
atomic-level interactions produced at the interface by the metal-
ligand coordination induced bidirectional anchoring strategy can 
effectively avoid interface cracking caused by volume changes 
of the cathode active material during cycling, thereby reducing 
interfacial resistance.

Conclusion
In this study, a bidirectional metal-ligand coordination anchoring 
strategy is implemented by decorating the cathode with LLZTO 
nanoparticles and introducing SL into the interface between 
the composite cathode and SSEs. The SL can coordinate 
with La ions from the LLZTO nanoparticles in the composite 
cathode and the surface of LLZTO SSEs, which is beneficial 
for interfacial stability and constructs bidirectional channels of 
fast Li+ transport, accelerating Li+ transport at the interface. The 
LLZTO nanoparticles establish 3D channels of fast Li+ transport 
within the composite cathode, enhancing its ionic conductivity. 
The synergistic effect of the bidirectional channels of fast Li+ 

transport at the interface and 3D channels of fast Li+ transport in 
the cathode achieves rapid Li+ transport kinetics on the cathode 
side of garnet-based all-solid-state batteries. As a result, the LCO@
LLZTO(SL)|LLZTO|Li batteries exhibit a high discharge specific 
capacity and excellent cycling stability. The batteries have an 
initial discharge specific capacity of 129.9 mAh g−1 at 0.1 C, 
with a capacity retention of 86.5% after 400 cycles. Even after 
700 cycles, the capacity retention remains at 80.6%. The LCO@
LLZTO(SL)|LLZTO|Li batteries at 3.0-4.4 V can also achieve 
a stable cycling for over 300 cycles at 0.1 C. This work further 
elucidates the role mechanism of coordination chemistry in the 
cathode interface of SSBs, providing a promising pathway for the 
practical application of ASSLMBs.
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