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The challenges for solid state battery to satisfy high rate charging and high stability and 
cyclability are tremendous. Dixit et al. report discovering a critical co-existence of strong 
adhesion and hard Young’s modulus at the electrolyte/electrode interface by nm-scale 
mapping of force-distance curves using atomic force microscopy, and demonstrates the 
importance of the interface mechanical property. 

Solid-state electrolytes (SSEs) are among the most promising ionic conductors and electronic 
insulators to enable high-energy-density Li metal batteries, and they can greatly improve safety by 
replacing flammable liquid electrolyte.1 In recent years, ion conductivity of SSEs has been greatly 
developed to a level comparable to liquid electrolytes, which is critical for fast 
charging/discharging.2 However, great challenges have been encountered in both the SSE bulk and 
at bulk/electrode interfaces when integrating SSE into Li metal solid-state battery (SSB) cells.3   

In the SSE bulk, highly ionic conduction and electronic insulation are the primary requirements 
(Figure 1a). Liquid electrolyte naturally satisfies the electronic insulating requirement because it 
lacks electron conduction carriers. However, in solid matter, most inorganic ceramic and organic 
polymer materials have the opposite advantage (ionic conduction and electronic insulating) and 
weakness (poor ionic conduction and leaking electronic insulating).4 Therefore, researchers are 
actively developing ceramic-polymer hybrid SSEs to retain the advantages and mitigate the 
weaknesses.   

The primary requirements at the electrode/SSE interface are high stability and high ionic 
conductivity.3 In liquid electrolyte cells, a solid electrolyte interphase (SEI) layer is formed 
naturally by electrochemical reactions during charging and discharging, which is highly ion 
conductive and electronic insulating to enable the success of current commercial Li batteries, 
mainly by optimizing the electrolyte and electrode chemistry.5 In solid electrolyte cells, the 
development of high-quality SEI is still at an early stage.3 To achieve a stable and ion-conductive 
interface, strong and robust adhesion and hard elasticity are expected to be beneficial (Figure 1b)— 
strong adhesion for ion conduction, and hard elasticity to prevent Li dendrite formation and growth 
that originates mostly from the interface regimes.6 However, strong adhesion and hard Young’s 
modulus are opposite in most solid materials, and engineering the interface using hybrid and 
gradient approaches is being actively pursued.7 

These hybrid and gradient approaches by inexpensive processing usually result in nm-scale 
nonuniformity of material and associated properties. Thus, there is demand for nm-scale 
characterization to understand and guide device fabrication. Electron and X-ray probes can provide 
structural and chemical mapping and are powerful for characterizing associated properties.8 On 
the other hand, atomic force microscopy (AFM) and related nanoelectrical probes are the proper 
tools for characterizing nm-scale mechanical and charge transports, which result directly from the 
chemistry and structure and, in turn, directly determine the macroscopic cell performance. 
Compared with electron and X-ray microscopies, AFM-based characterization is still in its infancy 
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in the field of SSBs. In this paper,9 the authors probed and mapped both strong adhesion but  hard 
Young’s modulus on the hybrid electrolyte of Li7La3Zr2O12 (LLZO) and polyethylene oxide (LEO), 
which proposes a new optimization of the mechanical property at the SSE/electrode interface. And 
at the same time, it provides a novel and important characterization method by bringing AFM 
force-distance (f-z) mapping to the SSB study (Figures 1c–1e). 
 
This AFM technique was originally developed by Bruker-Nano, Inc., based on the success of peak-
force surface morphology mapping. The surface morphology is determined by a constant sample-
probe interaction force by probing f-z curves at every pixel; simultaneously, the adhesion force, 
local deformation by repulsive force, and Young’s modulus are measured at every pixel (Figure 
1e). This toolset is called the “peak force quantitative nanomechanical measurement” (PF-QNM). 
The technique provides powerful characterization in studies of polymers and nanostructures. The 
authors applied it to characterize SSB interfaces, enabling an unparalleled understanding of the 
interface mechanical properties. 
 
The key finding in this work is simultaneous strong adhesion and hard Young’s modulus on this 
hybrid SSE when optimizing the polymer/ceramic weight, which are among the major 
requirements for high-quality SSB interfaces (Figure 1c). The nm-scale mechanical mapping 
demonstrated a robust statistical trend of this co-existence. Because of the nonuniformity and nm-
scale variations, this finding can only be achieved by nm-resolution mapping and statistical 
analysis. The atomic chemical and structural origin of this superior mechanistic outcome is the 
amorphous surroundings to the ceramic grains. The material exhibits an amorphous structure at 
the boundary or intrinsic interface between the ceramic and polymer regions. This amorphous 
surrounding has strong van der Waals attractions that represent a short-range force in a few 
nanometers (see the dip of approaching f-z curve in Figures 1d and 1e), and the force is determined 
solely by its local amorphous structure. On the other hand, the local Young’s modulus depends on 
a longer range of collective contribution by the materials in a volume up to the micrometer range, 
as illustrated by the simulation results by the authors. Therefore, when optimizing the 
polymer/ceramic weight and their distributions, this co-existence of adhesion and Young’s 
modulus was achieved—in contrast to—and difficult to achieve by—traditional single-phase 
approaches. 
 
The electrochemical performance of SSBs is a collective result of many factors such as ion 
conductivity in the SSE bulk and at the SSE/electrode interfaces, microstructure variation with the 
polymer/ceramic weight, and more. For example, a different hybrid approach using 
LixPySz/polyimine mixed particles prevented Li dendrite growth by polyimine extension into 
ceramic inter-particles with charging/discharging cycling.10 The authors necessarily verified and 
excluded the minor factors of SSE ion conductivity and porosity; thus, they concluded the major 
factor to be interface mechanistic. Further verification is needed on more factors of the 
electrochemical reaction and stability at the interface and the consistency of actual SSE/electrode 
interface mechanistic with the current characterization carried out on the SSE surface.  
 
This work opens the path to novel nm-resolution interface mechanical characterization for 
developing SSBs and proposes a hybrid approach for simultaneously achieving strong adhesion 
and hard Young’s modulus, which may become a major contribution toward energy storage having 
high density and high safety.    
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Figure 1. Schematic illustrations of (a) highly ionic conduction and electronic insulation for the requirement of 
SSE; (b) strong adhesion and hard Young’s modulus for the SSE/electrode interface; (c) coexistence of strong 
adhesion and hard Young’s modulus on the surface of hybrid SSE as probed by AFM, (d) force-time curve and 
(e) f-z curve measured  by AFM where the adhesion force, deformation, and Young’s modulus are deduced by 
fitting the curves taken at every pixel. 
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