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Nanoscale imaging of grain boundaries in ceramic energy 
devices and operando battery chemistry via Tip-Enhanced 

Raman Spectroscopy 
 
Electroceramic materials for energy conversion and storage derive their functional performance from chemical 
and structural processes occurring at the nanoscale, particularly at surfaces, interfaces, and grain boundaries. 
Experimentally accessing these regions under realistic conditions remains challenging due to the spatial 
resolution limits of conventional non-destructive techniques. Tip-Enhanced Raman Spectroscopy (TERS) 
overcomes these limitations by combining the chemical sensitivity of Raman spectroscopy with the nanometric 
precision of scanning-probe microscopy, enabling chemical imaging below 20 nm. In this contribution, we 
demonstrate how TERS addresses these challenges through three key methodologies applied to energy 
devices. First, we resolve nanoscale surface degradation, tracking Sr segregation and carbonate formation on 
functional oxides. Second, we overcome substrate and geometry limitations by using freestanding thin-film 
membranes to probe the vertical interfaces of multi-phase, vertically aligned nanocomposites (VAN), revealing 
oxygen vacancy accumulation at these internal boundaries. Finally, we present operando liquid-cell TERS 
during cyclic voltammetry of LiMn2O4 thin-film cathodes, combined with 2D finite element method (FEM) 
simulations. This synergistic approach directly visualizes and models accelerated electrochemical phase 
evolution at single grain boundaries, demonstrating the unique power of nanoscale operando Raman to resolve 
local structure-property relationships in operando energy systems. 
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Figure 1: Ex-situ TERS of an LiMn2O4 thin-film battery cathode after cycling in 1M Li2SO4 aqueous electrolyte. 


