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onic liquids (ILs) are pure salts with

melting points typically less than 100°C.

ILs exhibit several advantages over
conventional molecular liquids in disparate
applications because of their remarkable
physical properties, which include wide
electrochemical stability windows, high
ionic conductivity and negligible vapor
pressure. IL applications, either already
realized or currently under development,
encompass many diverse areas such as
analytics, catalysis, chemical synthesis,
separation technologies, electrochemistry,
capacitors, batteries, fuel cells, solar cells,
and tribology. Many of these applications
involve reactions at the IL/solid interface.
Hence, a detailed understanding of the
structure of this interface is important and
cannot be overstated.

ILs exhibit behavior that is very different
from common molecular liquids. As ILs are
composed entirely of charged species, they
usually exhibit a more pronounced structure
in the bulk and at surfaces than molecular
liquids.! ILs are subject to arange of cohesive
interactions (Coulombic, van der Waals,
hydrogen bonding and solvophobic forces),
resulting in a well-defined nanostructure
both in the bulk and at interfaces.

The nanostructure of ILs evolves

to study the structure and dynamics of
ILs.?>?* Theoretical descriptions of the
IL/electrode interface using molecular
dynamics and Monte Carlo simulations,?-
and mean field theory,’*’ have predicted
“bell-” and “camel-” shaped capacitance
curves and oscillating ion density profiles
at the electrode surface, consistent with
experimental results. However, a proper
theoretical model of the electrified IL/solid
interface does not yet exist and further
experimental studies are required for better
understanding the IL/electrode interfacial
structure.

During the last decade, in situ atomic
force microscopy (AFM) and scanning
tunneling microscopy (STM) have been
extensively used to probe the IL structure at
the IL/solid interface.!>83%-50 The mechanism
of operation of the AFM experiment is
presented schematically in Fig. 1. The
solid electrode substrate and the AFM tip
and cantilever are completely immersed
within the IL (Fig. la). The layers close
to the surface are shown schematically as
single (blue) layers. As the AFM tip moves
towards the surface, it is deflected away due
to the forces imparted by the interfacial IL

layers. The tip deflection is transformed
to a normal force (F) by via Hooke’s Law,
using the cantilever spring constant. As the
tip moves towards the surface, it encounters
the first layer (at d3). The force experienced
increases as the tip pushes against this layer,
until sufficient force is reached to rupture
the layer (Fig. la, blue curve). The tip
then jumps into contact with the next layer
(at d2) and the process is repeated until
the tip reaches the innermost layer (at d/).
The force now increases markedly because
the structuring in the innermost layer is the
most robust due to the attractive interactions
between the IL ions and the surface. When
the tip pushes through this layer, it comes
into contact with either the substrate surface
or a layer of ions that are so strongly bound
to the substrate that the tip cannot displace
it. The positions of the steps in the force
curve are related to the separation (or spatial
distribution) of the layers near the surface.
The retraction curve can look quite different
(Fig. la, red curve), most likely either due
to attractive interactions between the tip and
the surface or interfacial layers, or due to
fluid dynamics effects.

(continued on next page)

as a consequence of electrostatic
interactions between charged
groups that produce polar (a)
domains. Cation alkyl chains
are solvophobically repelled®
from these charged domains and
cluster together to form apolar
regions, that in turn produce
a sponge-like phase-separated
nanostructure.* This  sponge-
like structure present in the bulk
changes immediately adjacent
to a smooth solid surface.

Atomic force microscopy (AFM) A

force curves®® and reflectivity
experiments” both reveal the
formation of discrete ion or ion
pair layers immediately adjacent
to the solid surface. This layered
surface structure decays to
the bulk sponge morphology
over a length-scale of a few
nanometers.®

The IL/solid interface has
been the subject of extensive
experimental and theoretical
studies. Various spectroscopic
and scattering methods have
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been applied to examine this
interface.””?'  Electrochemical
impedance spectroscopy (EIS)
measurements have been used
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FiG. 1. (a) Schematic view of an AFM tip approaching a solid surface in the presence of IL with the corresponding
force versus distance profile below. (b) Schematic view of a STM tip probing the solid surface immersed within an IL
and the real STM-image recorded.
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In the (in situ) electrochemical

STM experiment, the surface
and the STM tip are immersed
in the IL (Fig. 1b). The typical
distance between the STM tip
and the surface is about 1 nm,
implying that there is at least
one layer between the tip and
the sample. The IL ions adsorbed
onto the surface participate in
the tunneling process, and the
STM tip must move through
these adsorbed layers during the
scanning process. The STM tip
either pushes away the layers
that are not strongly adsorbed or
images them (Fig. 1b).

From AFM results, one can
conclude that ILs are strongly
adsorbed onto solid surfaces and
that several IL layers are present
adjacent to the surface.!56839-41.51
The distance between the layers
is the same as the size of an ion
pair. The strength of interactions
between the innermost layer
and the substrate is dependent
on the surface, cation and anion

(a) [Py, JFAP

(b) [EMIM]FAP

(c) [HMIM]FAP

type.** lon arrangements vary
significantly as a function of
applied potential, with more
pronounced surface structure
detected at more positive or more negative
potentials. The interfacial layer is enriched
by counter-ions strongly bound to the
surface. Such strong, specific adsorption
will influence electrochemical reactions
occurring at the surface.”

In situ STM experiments confirm that ILs
adsorbed at an electrode surface do influence
electrochemical processes. However, the
underlying mechanisms are not yet fully
understood. A potential-dependent long-
range reconstruction of electrode surfaces
has been clearly elucidated, along with the
formation of anion/cation adsorption layers
at the electrode surface.838:4043-49.53

The strong influence of the cation on
the IL/electrode interface structure can
be clearly seen from in situ STM and
AFM results obtained for ILs with the
tris(pentafluoroethyl)trifluorophosphate (FAP)
anion and 3 different cations, namely 1-butyl-
l-methylpyrrolidinium  ([Py, 4]°), 1-ethyl-3-
methylimidazolium ([EMIM]") and 1-hexyl-
3-methylimidazolium ([HMIM]).83¥ [n situ
STM images show that the appearance of the
Au(111) surface differs for each IL (Fig. 2). In
the case of [Py, ,JFAP, the Au(111) surface is
subjected to a restructuring / reconstruction.®
At the open circuit potential (OCP) (-0.2 V
vs. Pt) the typical Au(111) surface is
obtained (Fig. 2a). However, in the cathodic
regime, the Au(111) surface undergoes a
(22 x \3) surface reconstruction leading to
a herringbone superstructure (Fig. 2d). The
AFM measurements reveal that at the OCP, at
least 4 IL layers are present at the interface
(Fig. 3a). A small (0.35 nm) step closest to
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the surface is consistent with an innermost
layer enriched in [Py, ,]". The next spacing
(0.9 nm) is consistent with the size of the
[Py, 4JFAP ion pair dimension. Furthermore,
at-1.0 V the width of the ion layer in contact
with the gold becomes thinner (0.25 nm in
Fig. 3d), indicating that the cation adopts
an orientation that renders it more parallel
to the surface, which in turn induces the
Au(111) (22 x \3) reconstruction (seen in
Fig. 2d).

In the case of [EMIM]FAP, the formation
of an interaction ion “layer” at the OCP
(-0.2 V vs. Pt) results in unclear images
(Fig. 2b). The roughness of this “layer”
increases at more negative electrode
potentials (Fig. 2e).** Two small steps,
0.3 nm and 0.5 nm wide, are detected that
likely correspond to cation (0.3 nm) and
anion (0.5 nm) sublayers (Fig. 3b). Their
sum (0.3 nm + 0.5 nm) gives the [EMIM]
FAP ion pair dimension (0.83 nm).* At a
potential of -1.0 V, instead of an anion layer
adsorbed at the surface, an ion-pair sized
step is detected in the second layer (Fig. 3e).

Both in situ STM and AFM results show
that multiple ionic liquid interfacial layers
form at the Au(111) electrode interface in
[HMIM]FAP.* At the OCP (-0.05 V vs. Pt)
the STM images show a wormlike surface
structure with ~0.3 nm deep vacancies
(Fig. 2¢). The AFM data reveals a weakly
bound, cation-rich interfacial layer covered
by an anion rich layer (Fig. 3c). If the
electrode potential is reduced to -1.0 V,
islands of ca. 0.2-0.4 nm in height (which
correlates well with the size of the cation)

Fic. 2. (a, d) In situ STM images of the Au(111) surface in [Py, ,JFAP, (b, e) [EMIM]FAP, and (c, f) [HMIM]FAP.

can be observed (Fig. 2f). At a potential of
-1.0 V, an ion pair sized step is detected in
the second layer, as opposed to an anion
sized step (Fig. 3f).

These in situ STM and AFM results
show that the IL cation has a strong
influence on the structure and composition
of the interface. With the same anion,
the Au(111) surface undergoes the (22 x
\3) reconstruction with [Py, 4]", but with
[EMIM]* and [HMIM]" the herringbone
superstructure is not obtained. This can
perhaps be due to specific cation/surface,
cation/anion and cation/cation interactions,
which are strongly dependent on the type
of the functional groups (pyrrolidinium or
imidazolium ring and the length of the alkyl
chains), and therefore will be different for
various cations. It is likely that the different
cations have different orientations in the
interfacial layer depending on their chemical
structure and the applied electrode potential.
This in turn induces different surface
structures (c.f. Fig. 2). Thus, a particular
geometrical configuration of [Py,,]" at
a potential of -1.0 V causes the Au(111)
(22 x 3) reconstruction shown in Fig. 2d,
while [EMIM]* and [HMIM]" do not seem
to favor the herringbone superstructure.

Solutes dissolved in ionic liquids also
influence their interfacial structure. For
instance, AFM experiments reveal that
interfacial layering is markedly weaker when
LiCl in added to an IL** and in situ STM
measurements show that, unlike for the pure
IL (Fig. 4a), the “reconstruction” of the gold
surface is different in the presence of LiCl
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Fic. 3. (a, d) Typical force versus distance profile for an AFM tip approaching a Au(111) surface in [Py, , JFAP, (b, e) [EMIM]FAP, and (c, f) [HMIM]FAP.

(Fig. 4b). At negative electrode potentials,
both [Py, 4]* and Li" ions will interact with
the gold surface. Therefore, at a potential
of -1.2'V, the adsorption of the [Py, 4]* will
induce the Au(111) (22 x V3) reconstruction,
while the adsorption of Li* will reduce the
interfacial structure hindering the (22 x \/3)
reconstruction. These two competing effects
will lead to the structure presented in Fig. 4b,
where Au(111) undergoes an incomplete
herringbone reconstruction.

Ionic liquids exhibit a remarkably
diverse interfacial chemistry, with multiple
interfacial layers present at the IL/solid
interface. The adsorption strength of ILs onto
solid surfaces is much higher than for typical
organic solvents or water. The structure and
composition of the interfacial layer can
be tuned by varying the surface potential
and the ionic structure, and by addition of
solutes. This allows us to envision that IL
interfacial properties can be readily matched
to a particular application once the required
fundamental understanding is elucidated.
Further studies of the IL/electrode interface,
both in pure ILs, and in the presence of
solutes, are required to fulfil this vision. [l
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Fic. 4. In situ STM images of the Au(111) surface in (a) [Py, [JFAP and (b) [Py, ,/JFAP containing 0.1 M

LiCl.
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