Just squeeze in—researchers discover when
spaces are tight, nature loosens its laws
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University and Bach professor in Drexel's College of
Engineering. "The breaking of symmetry principals,
like Coulombic ordering, plays an essential role in
nature. But many of these processes occur without
us understanding them and knowing their
mechanisms. Science can reveal those hidden
processes. And if we understand them, we can
eventually develop better technology by working at
the same nanometer and subnanometer scales that
nature does."

When packed into pore channels as narrow as a
nanometer or less, ions will forgo their typical positivenegative alternating charge ordering. They will form a
To make its discovery, the team—including
single (right) or double-file (left) line, many times queuing
researchers from Shinshu University in Japan;
up next to ions of the same charge. Credit: Drexel
Loughborough University in the United Kingdom;
University

It turns out that when they're in a hurry and space
is limited, ions, like people, will find a way to cram
in—even if that means defying nature's norms.
Recently published research from an international
team of scientists, including Drexel University's
Yury Gogotsi, PhD, shows that the charged
particles will actually forgo their "opposites attract"
behavior, called Coulombic ordering, when
confined in the tiny pores of a nanomaterial. This
discovery could be a pivotal development for
energy storage, water treatment and alternative
energy production technologies, which all involve
ions packing into nanoporous materials.

The University of Adelaide in Australia; and
Sorbonne University, the French Research Network
on Electrochemical Energy Storage, and Paul
Sabatier University in France—created two sets of
carbon nanomaterials. One had pores at least a
nanometer in diameter and one with pores less
than a nanometer. They then used the materials to
draw in ionic liquid as if they were a sponge
sopping up water.
In ionic liquids, which are room-temperature liquid
salts often used as solvents in the chemical
industry, ions are layered in full compliance with the
alternating positive-negative pattern of Coulombic
ordering. But as the ionic liquid drew into the
carbon nanopores it forced the ions to line up in
single- and double-file lines. And, like a flock of
elementary schoolers running for the bus, they
didn't always end up in line next to their usual
cohorts.

In their paper, which was recently published in the
journal Nature Materials, the researchers explain
how Coulombic ordering in liquid salts starts to
break down when ions are confined in small
"In this state, the Coulombic ordering of the liquid is
spaces—specifically carbon pores less than a
nanometer in diameter. And the narrower the pore, broken," the authors wrote. "Ions of the same
charge neighbor each other due to a screening of
the less the ions adhere to Coulombic ordering.
their electrostatic interactions by the image charges
induced in the pore walls."
"This is the first time breaking of the Coulombic
ordering in subnanometer pores has been
convincingly demonstrated," said Gogotsi, an
author of the paper, who is the Distinguished

The team observed this disruption in the natural
order of ions through x-ray scattering and modeled
the process to explain the experimental
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observations. They also reported that the nonCoulombic ordering became more pronounced
when an electric charge was applied to the carbon
material.
"Our results suggest the existence of a molecularscale mechanism that reduces the Coulombic
repulsion energy between co-ions that become
closer to each other," they wrote. This mechanism,
they theorize, is linked to the charge temporarily
imposed on the walls of the carbon pores. This
"image charge," they write, offsets the natural
electrostatic repulsion of ions of the same charge,
to allow the channels to fill with same-charged ions
lined up next to each other.
Gogotsi suggests this discovery could make it more
feasible to use ionic liquids in batteries and other
energy storage devices, which has been examined
as a method for making batteries safer but has yet
to catch on because it limits their performance.
"We can get safer batteries and supercapacitors
when using ionic liquid electrolytes because they
are not flammable like the electrolyte solution
currently used in these devices," Gogotsi said.
"Also, since there is no solvent, the entire volume is
occupied by ions and we may be able to store more
energy compared to conventional electrolytes that
use organic solvents."
He's also looking at this discovery as one that could
have a significant impact on the push for water
desalination technology. Membranes currently
being developed to turn salt water into drinking
water could be improved with this knowledge about
ion behavior within subnanometer pores.
More information: Ryusuke Futamura et al,
Partial breaking of the Coulombic ordering of ionic
liquids confined in carbon nanopores, Nature
Materials (2017). DOI: 10.1038/nmat4974
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