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Water is the most important chemical compound on earth for living organisms. The properties of bulk water
have been studied intensively for several decades. In technologically relevant scenarios, water is often confined
in small cavities which leads to emergence of novel phases that are not observed in bulk water under the same
thermodynamic conditions. Yet, only recently have the structure, properties and phase transitions effects of
confined water and its related phases been the subject of more thorough investigations,[1] primarily due to the
limitation in spatial resolution or chemical sensitivity/selectivity of the experimental approach. One of these
experimental methods is transmission electron microscopy (TEM), a technique that provides unprecedented
spatial resolution in crystalline material, but, until the last few years, has not been used to study liquids. This
is mostly due to instability of aqueous solution in high vacuum conditions of the TEM column and inability to
measure in-situ temperature while preserving atomic-resolution.

In recent years, liquid cells (LC) have been developed as one way to contain liquid in a TEM column and
enable the study of solutions.[2] In LC, an aqueous solution is encapsulated between 2D film membranes such
as silicon nitride and graphene, which shield the liquid from the vacuum environment in the TEM column as
shown in Figure 1.[3] Using graphene liquid cells (GLC) appears to alleviate some of the electron beam
induced radiolysis effects and new approaches, such as aloof spectroscopy now enables virtually damage free
chemical analysis.

To accurately measure the temperature of the aqueous sample under electron beam while being able to get
atomic resolution images has been a challenge in field of electron microscopy. While several methods,
including diffraction and electron-energy gain spectroscopy have been developed over the years, plasmon-
based thermometry is one of the only approaches that combines high spatial resolution and accuracy of
temperature of material under investigation. In plasmon-based thermometry, the shift of plasmon energy as a
function of temperature is measured which provides a direct means of calibrating the temperature. This
technique has been previously used to calibrate temperature of various 2D materials but has never been applied
to water largely due to the significant challenges in working with liquid sample in high vacuum.[4]

The focus of the project presented here is to utilize aberration-corrected scanning transmission electron
microscopy combined with electron energy-loss spectroscopy (EELS) to map the thermal expansion
coefficient as a function of in-situ temperature of nanometer thick water layer confined between 2D materials,
such as graphene. Primary data of the plasmon energy shift as a function of H20 temperature using single
layer GLC are shown in Figure 2. It can be seen that the plasmon peak shift, which can be directly associated
with the thermal expansion coefficient () [5] tracks the calculated values of a very closely. This shows that
using plasmonic thermometry of liquid within a TEM, it is possible to directly measure the temperature of
aqueous solution during in-situ experiments. Using this technique, we will further study the phase diagram of
ice in STEM. [6]
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Figure 1. Procedure of fabricating Graphene Liquid Cell
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Figure 2. Graph of thermal expiation coefficient calculated using DFT (green curve) and plasmon peak
positions measured using GLC (red dots) as a function of temperature
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