
Revealing the Atomistic Kinetics of Phase Transition from 2D Layers to 1D Tunnels 
in Transitional Metal Oxides 
 
Yifei Yuan1,2, Bryan Byles3, Cong Liu2, Jun Lu2, Khalil Amine2, Ekaterina Pomerantseva3, Reza 
Shahbazian-Yassar1 

 
1. Department of Mechanical and Industrial Engineering, University of Illinois at Chicago, Chicago, IL 
60607, USA  
2. Chemical Science and Engineering Division, Argonne National Laboratory, 9700 S. Cass Avenue, 
Argonne, Illinois 60439, USA 
3.  Department of Materials Science and Engineering, Drexel University, Philadelphia, PA 19104, USA 
 
MnO2 abundantly exists in the earth’s crust and marine sediment. Based on how its structural units 
([MnO6] octahedra) are linked, polymorphic MnO2 is categorized into two types: two-dimensional (2D) 
layered and one-dimensional (1D) tunnel phases [1]. In general, layered MnO2 can transform into tunnel 
structures, such as the well known σ-MnO2-α-MnO2 and buserite-todorokite phase evolution. Therefore, 
layer-to-tunnel (L-T) transition, typical for manganese oxide (MnO2) polymorphs, is the ubiquitous 
reaction leading to the formation of one-dimensional angstrom-scale tunnels that are extensively applied 
in catalysis, energy storage and material separation. This transition is also fundamental in the natural 
formation of Mn-rich marine sediment on the Earth [2]. The schematic showing the L-T transition is 
given in Figure 1. Current mechanisms explaining the L-T transition are debating, particularly in the 
critical role of Jahn-Teller distortion of [Mn3+O6] in guiding the behavior of the layered precursors. The 
lack of fundamental and atomic level understanding of this phase transition leads to poorly controlled 
synthesis of size-specific tunnels, and also results in difficulty to clarify the role of marine sediments in 
global trace element cycles [3].  
 
Herein, we report the first atomic-scale visualization of two novel L-T transition pathways via 
aberration-corrected scanning transmission electron microscopy, electron energy loss spectroscopy and 
density function theory calculations [4]. 10 Å-spaced layered buserite is used as the precursor subjected 
to hydrothermal treatment to enable the L-T transition. By characterizing the atomic structure of the 
products at different reaction stages, we found that the L-T transition requires multiple steps via 
formation of intermediate tunnels with large openings, and this stepwise process obeys the numeric rule: 
one 3×(2N+1) tunnel → two 3×N tunnels. The important role of Jahn-Teller Mn3+O6 octahedra in 
driving the microscopic layer distortion, causing strain concentration and triggering the L-T transition is 
also demonstrated. We expect these atomic-level discoveries to guide the synthesis of MnO2 
nanostructures with controllable and uniform tunnel sizes ideal for specific nanoengineering applications, 
as well as clarify the geochemical interpretation of marine sediment discoveries for the geological 
evolution of the Earth.     
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Figure 1. The atomic models and experimental atomic images illustrating the ubiquitous layer-to-tunnel 
transition among layered MnO2 precursor and various tunnel-structured MnO2 polymorphs. 
 
 
 
 
 


