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I
onic liquids (ILs) are pure salts with melt-
ing points below 100 �C.1�5 ILs have
many useful properties such as large

electrochemical windows,6,7 low volatility,5

andhigh thermal stability.1Many ILs are nano-
structuredon the length scale of the ions, both
in thebulk8�11 andat interfaces.12�15 Thebulk
liquid structureof several protic10 andaprotic16

ILs has been elucidated by a combination of
radiation scattering experiments3,17,18 (X-ray
and neutron) and computational studies.19�21

IL nanostructure results from strong electro-
static attractions between the cation charge
groups and anions, leading to the formation
of polar domains. Cation alkyl chains are solvo-
phobically excluded from these polar regions
and cluster together to form segregated
apolar regions. Thepolar and apolar domains
percolate through the bulk liquid in a bicon-
tinuous L3 sponge structure. Generally, protic
ILs are nanostructured for primary cations,10

while aprotic ILs are nanostructured when

the cation alkyl chain is 4 or more carbons
long.3

Interest in aprotic ILs as electrochemical
solvents can be attributed to their large
electrochemical windows (up to ∼6 V) and
inherently high conductivity;22,23 protic ILs
have narrower electrochemical windows
and so are generally of less interest for
electrochemistry.24 However, the uptake of
aprotic ILs for electrochemical devices, such
as lithium ion batteries and capacitors, has
been limited for several reasons but espe-
cially because the IL EDL (electrical double
layer) is not as well-defined as for molecular
solvents. The IL EDL cannot be described
using themean-fieldmodels (e.g.,Helmholtz,25

Gouy�Chapman,26,27 and Stern28) because (1)
ILs are pure electrolytes with Debye lengths
smaller than the IL ion pair dimensions; (2) IL
ions cannot be approximated as point charges
or even small, charged spheres due to their
large size and delocalized charge; (3) ILs
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ABSTRACT Ionic liquids (ILs) are attractive solvents for devices

such as lithium ion batteries and capacitors, but their uptake is

limited, partially because their Stern layer nanostructure is poorly

understood compared to molecular solvents. Here, in situ amplitude-

modulated atomic force microscopy has been used to reveal the

Stern layer nanostructure of the 1-ethyl-3-methylimidazolium bis-

(trifluoromethylsulfonyl)imide (EMIm TFSI)�HOPG (highly ordered

pyrolytic graphite) interface with molecular resolution. The effect of

applied surface potential and added 0.1 wt/wt % Li TFSI or EMIm Cl

on ion arrangements is probed between(1 V. For pure EMIm TFSI at open-circuit potential, well-defined rows are present on the surface formed by an

anion�cation�cation�anion (A�C�C�A) unit cell adsorbed with like ions adjacent. As the surface potential is changed, the relative concentrations of

cations and anions in the Stern layer respond, and markedly different lateral ion arrangements ensue. The changes in Stern layer structure at positive and

negative potentials are not symmetrical due to the different surface affinities and packing constraints of cations and anions. For potentials outside(0.4 V,

images are featureless because the compositional variation within the layer is too small for the AFM tip to detect. This suggests that the Stern layer is highly

enriched in either cations or anions (depending on the potential) oriented upright to the surface plane. When Liþ or Cl� is present, some Stern layer ionic

liquid cations or anions (respectively) are displaced, producing starkly different structures. The Stern layer structures elucidated here significantly enhance

our understanding of the ionic liquid electrical double layer.
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possess charged and uncharged moieties that interact
with solid surfaces through electrostatic attractions,
van der Waals, and solvophobic forces; and (4) the
solely ionic nature of ILs means that the concentration
of charged species at the interface does not differ
greatly from the bulk.
The IL EDL nanostructure normal to the interface has

been extensively probed using several experimental
techniques.12�15 There is general agreement that
the nanostructure is stronger near the surface than in
the bulk due to the ordering effect of the substrate.12

It is thought that IL ions interact strongly with solid
surfaces to produce well-formed Stern layers that
template structure in subsequent near surface layers.
While useful for applications such as lubrication, the
strongly bound surface can lead to unpredictable
electrochemical effects.29 Applying a surface potential
induces a reordering of the normal Stern layer struc-
ture to compensate the interfacial charge; the surface
is enriched in anions at positive potentials and vice

versa.29�34 This behavior has been theoretically vali-
dated with several important computational studies
modeling the IL�electrode interface.30�37 In a land-
mark 2011 paper, Bazant et al.38 predicted the
potential-dependent normal distribution of ions with
focus on overscreening and crowding of ions at elec-
trode interfaces. Ion crowding occurs at high voltages
when a single ion layer is insufficient to neutralize the
surface potential. Overscreening ismanifested at lower
potentials when the charge of the Stern layer ions are
greater than that of the electrode and is compensated
by ions in the second layer.38

More recently, the importance of the lateral distribu-
tion of ions in the IL EDL has become apparent.39�45 In
a 2014 editorial, Kornyshev and Qiao35 point out that
recent computer simulations30�37 and experimental
studies33,46,47 reveal that IL EDLs have rich three-
dimensional structures that undergo voltage-driven
structural transitions. They state that “the structure of

the double layer in RTILs, which just a year ago seemed

to be majorly understood, still raises new puzzles and

challenges”. Critically, they ask “how the lateral arrange-

ment of ions is coupled with their distribution in the

perpendicular directions”. For a thorough review of
these issues, the interested reader is directed to this
editorial and the prior article by Merlet et al. which
stimulated it.34 In this work, we begin to address the
three-dimensional ion arrangements in the IL EDL by
revealing the lateral structure of the IL Stern layer in situ
as a function of potential and added solute. In some
instances, we are able to show coupling between the
Stern and second ion layers. The Stern layer is defined
as the ion layer in contact with the electrode surface,
which is sometimes referred to in the IL literature as the
“innermost” layer.40�42

Classically, scanning tunnel microscopy (STM)43�45

has been used to investigate the IL EDL laterally but is

unable to achieve atomic resolution at solid�IL inter-
faces because the strong interfacial liquid nanostructure
interferes with the STM signal.48 Molecular resolution
can be achieved with STM for frozen IL monolayers
under ultrahigh vacuum (UHV) conditions.43�45 How-
ever, the structures determined almost certainly do
not accurately represent the structure of the bulk
IL�electrode interfaces. This is because in a monolayer
the ions contact the electrode surface and a vacuum,
rather than the surface and the bulk liquid, which can
lead to different ion orientations. Critically, in a mono-
layer, the ion ratio is also fixed at 1:1. Thismeans that the
monolayer nanostructure cannot accurately reflect the
different affinities of the ions for the surface. Most
importantly, realistic studies of the Stern layer structure
as a function of potential for monolayers are impossible
as the composition cannot change in response to an
applied potential.
Video STM images of the bulk 1-butyl-1-methylpyrroli-

dinium bis[(trifluoromethyl)sulfonyl]amide (BMP TFSA�
Au(111)) interface in the absence of solutes have
been reported very recently.49 While images were
featureless for potentials higher than �1.0 V, between
�1.0 and �1.6 V, adsorbed cations formed rows on
the surface (anions could not be detected). It was
postulated that rows were formed by cations adsorbed
in a rectangular unit cell and that images could not be
obtained for potentials greater than�1.0 V due to high
cation mobility; stronger surface cation electrostatic
interactions at lower potentials reduced the cation
adlayer diffusion rates, enabling images to be obtained.
At �1.4 V, the unit cell dimensions were 0.51 nm by
1.01 nm with an internal angle of 78�. When the
potential was decreased to �1.6 V, the dimensions of
the unit cell changed to 0.5 nm by 0.55 nm at right
angles. These differences were attributed to the cation
alkyl chain lying flat on the surface at �1.4 V and
adopting an upright conformation at �1.6 V, which
enables tighter cation packing on the gold surface.
We have recently used in situ amplitude-modulated

atomic force microscopy (AM-AFM) to reveal the inter-
facial nanostructure of protic ILs on mica39,40,42 and
highly ordered pyrolytic graphite (HOPG) at open-
circuit potential (OCP) (no applied potential).41 Near
molecular resolution was achieved for the bulk inter-
face, enabling relationships between the IL molecular
structure and interfacial nanostructure to be deter-
mined. In this paper, we use AM-AFM to examine the
Stern layer structure for the interface of the aprotic IL
EMIm TFSI with graphite. The structure of the IL cation
and anion is shown in Figure 1 along with the approx-
imate dimensions determined using Jmol. The effect
of surface potential is probed between (1.0 V with
and without added 0.1 wt/wt % Li TFSI or EMIm Cl.
These salts were chosen as they are electrochemically
significant50 and allow nanostructure cause�effect
relationships to be established. Furthermore, both Liþ
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and Cl� have a strong influence on the double-layer
structure in aqueous systems51 and are known to alter
the interfacial structure of ILs even at very low concen-
trations.52 These experiments reveal the arrangement
of IL cations and anions on the surface for potentials
between(0.3 V as well as how added Liþ or Cl� affects
the Stern layer structure.

RESULTS

Pure EMIm TFSI�HOPG System. AM-AFM phase and
topography images of the EMIm TFSI�HOPG interface
are presented in Figure 2. The 300 nm � 300 nm
images are shown in Figure 2A,B. Higher magnification
30 nm� 30 nm images of the EMIm TFSI�HOPG inter-
face are presented in Figure 2C,D, and the section
bounded by the red box is enlarged in Figure 2E,F.
Features aremore clearly defined in phase images than
topography images. This is because the AM-AFMphase
signal is more sensitive to minor compositional varia-
tions than the topographic signal.53 In the phase
images, the dark areas indicate that the material be-
tween the tip and the surface is compliant, while lighter
areas indicate relatively noncompliant (unyielding)
matter.54 In simple terms, compliant and noncompliant
refers to matter that is relatively immobile or displaced
from the space between the surface and AFM tip, but
the explicit interpretation is much more complex.54,55

The 300 nm images reveal rows oriented at 60� to
each other around grain boundaries at the graphite
surface. The rows indicate that the Stern layer is
laterally heterogeneous at OCP. Rows oriented around
a grain boundary in this fashion have been reported
previously for aqueous surfactant�HOPG interfaces
due to adsorption of surfactant hemimicelles along
one of graphite's three symmetry axes.56,57 While the
dimensions of the surfactant hemimicelles are an order
of magnitude larger, it appears the graphite is orient-
ing the EMIm TFSI Stern layer in a similar fashion.

The topography images in Figure 2D,F reveal alter-
nate rows of relatively noncompliant (light) and com-
pliant (dark) material. The width of each row is∼2 nm,
meaning that the structure repeats with a period
of ∼4 nm as indicated by the red arrow in Figure 2E.

The row structure is much larger and of a different
symmetry than the underlying HOPG surface, which
has hexagonal symmetry and a lattice spacing of
0.246 nm.58 The width of the rows is also significantly
larger than the dimensions of individual IL cations or
anions (cf. Figure 1).

Figure 1. Structure and dimensions of EMIm TFSI. Carbon atoms are shaded gray, nitrogen is dark blue, hydrogen is silver,
oxygen is red, sulfur is yellow, and fluorine is light blue.

Figure 2. AM-AFM phase (mocha) and topographic
(orange�violet�yellow) imagesof the IL Stern layer adsorbed
toagraphite (HOPG) substrate. Image sizes are (A,B) 300nm�
300 nm, (C,D) 30 nm � 30 nm, and (E,F) 15 nm � 15 nm.
The interfacial images were collected at OCP (0.26 V vs Pt).
The slow scan direction of all images is down the image.
Fast Fourier transformof thephase image is shownasan inset.
The redarrow indicates the larger repeat spacingof the image.
The area in the red box in (C) is expanded in (E,F).
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The phase data in Figure 2C,E show that the rows
are composed of smaller repeating structures. The
rows in the noncompliant region are formed by dis-
crete ellipses with major and minor axis lengths of
∼0.8 and ∼0.7 nm, respectively. These are arranged
with square symmetry into two well-defined adjacent
subrows. The fast Fourier transform (FFT, cf. inset
Figure 2C) confirms this square symmetry59 and reveals
that the inter-ellipse (center-to-center) spacing is 1 nm
both perpendicular and parallel to the row direction,
consistent with measurements taken from the image.
The structure between the ellipse double rows is less
well-resolved, consistent with the material being more
compliant. Two subrows can be identified, but discrete
units are not particularly clear. The spacing between
subrows is 1 nm.

Applying a potential to the graphite surface sig-
nificantly alters the Stern layer structure (cf. Figure 3). In
these experiments, the surface potential was changed
in 0.1 V (vs OCP) increments and held at the specified
potential until the appearance of the image was con-
sistent. This was taken to mean that the structure was
at equilibrium and generally required ∼4 min. Equili-
bration times were similar when the magnitude of
the potential change was larger. Structure changes
were entirely reversible, and equilibration times were
independent of the direction of the potential change.
These results indicate that potential-induced ion
rearrangements are facile processes. The images pre-
sented in Figure 3 were obtained at least 10 min after
the potential was set but less than 60 min after the
IL was contacted with the substrate. This ensures that
the equilibrium structure is probed and that water

contents remained low. Even after several hours, when
the water content was∼3 wt %, the appearance of the
imagewas consistent, indicating that small amounts of
water do not effect the Stern layer structure for this
system between (0.3 V in a way that can be detected
with AM-AFM.

Figure 3 shows 15 nm� 15 nm phase images of the
EMIm TFSI�HOPG interface acquired at 0.1 V intervals
on either side of OCP up to(0.3 V. The corresponding
height images (with the associated phase images
reproduced) are shown in Figure A in the Supporting
Information. When the potential is OCP þ 0.1 V, the
ellipse double row present at OCP is replaced by a
single noncompliant row. Discrete structures cannot
be resolved within the row, but its width is 1 nm, which
is the same as the ellipses at OCP and suggests similar
composition. Conversely, the width of the compliant
region has increased from 2 nm at OCP to 3 nm at OCP
þ 0.1 V, meaning that the periodicity of the structure is
constant at 4 nm at OCP and OCP þ 0.1 V.

When the potential is increased from OCP by 0.1 V,
the population of Stern layer anions and cations must
increase and decrease, respectively. This means that
the noncompliant rows in the images are Stern layer
cations, while the compliant region is associated with
(more difficult to discern) anions. As such, the ellipses
in the OCP image indicate individual Stern layer cations,
and the two rows in the compliant region are formed by
anions. The dimensions of the cation ellipses and anion
rows are consistent with the ion dimensions in Figure 1.
On electrostatic grounds, it is expected that at OCP the
numbers of cations and anions are approximately equal.
These points are expanded upon in the Discussion.

Figure 3. AM-AFM phase (mocha) images of the pure EMIm TFSI Stern layer adsorbed to a graphite (HOPG) substrate.
Image sizes are all 15 nm � 15 nm. The interfacial data was collected at differing applied potentials (indicated in the
figure). The slow scan direction of all images is down the image. The red arrow indicates the larger repeat spacing of
the image.
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The anion rows detected at OCP can no longer be
discerned in the compliant region at OCP þ 0.1 V. This
indicates that the surface arrangement has become
more disordered as the anion-rich region has grown
larger. When the potential is further increased to OCP
þ 0.2 V, noncompliant cations are no longer observed,
but there are hints of larger 2 nm structureswhichmust
be due to associated anions. Further increasing the
potential to OCP þ 0.3 V and above produces feature-
less images up to OCP þ 1.0 V, the highest potential
investigated.

The image obtained at OCP� 0.1 V consistently had
a more disordered appearance than that obtained at
OCP. When the potential is decreased, the population
of cations and anions in the Stern layer must increase
and decrease, respectively. At OCP� 0.1 V, the popula-
tion of cation ellipses appears to have increased, but
their arrangement is much less ordered than at OCP.
This suggests that the relative cation and anion popu-
lations at OCP � 0.1 V do not permit well-ordered
surface packing, and a disordered layer results.

Decreasing the potential to OCP � 0.2 V produces
much larger and better defined structures than at OCP.
Prominent 4 nm wide rows traverse the image sepa-
rated by a 2 nmwide poorly defined compliant region,
meaning that the overall structure repeats every 6 nm.
A 30 nm� 30 nm image showing that these structures
persist over larger distances is provided in the Support-
ing Information Figure B. Raised cation double rows
1.8 nm apart are present in the center of each large
row. Additional narrow rows run the entire length of
the images normal to the large row direction, aligned
with the cations of the double row. The distance
between cation ellipses (and thus the narrow rows) is
1 nm, the same as that between cations at OCP.

When the potential is further decreased to OCP �
0.3 V, the number of cations in the raised cation
rows increases, and they are less compliant, resulting
in larger and clearer structures. The overall width of
the prominent rows has increased to∼5 nm, while the
valleys are still 2 nm, resulting in an overall repeat

length of 7 nm. In accordance with results at lower
potentials, the cation repeat spacing along the large
structures is 1 nm. At potentials less than OCP � 0.3 V,
featureless images were obtained.

Effect of Lithium Cations. AM-AFM images of the EMIm
TFSI þ 0.1 wt/wt% Li TFSI�HOPG interface at OCP are
shown in Figure 4. This Li TFSI concentration is the
same as that in earlier work on the structure of the IL
EDL normal to the interface.52,60 The features in the
image are markedly different than those observed
for the pure IL, indicating the presence of Liþ in the
Stern layer, consistent with the affinity of Liþ for the
HOPG surface. The phase images reveal that the cation
double rows present for the pure liquid have been
replaced by 1 nmwide single ellipse rows. These single
rows are separated by a less well-defined 4 nm wide
depressed region, meaning the structure repeats every
5 nm. The diameter of Liþ is 0.16 nm,61 and in the high
ionic strength IL, the physical size that the AM-AFM tip
could potentially detect is expected to be of similar
magnitude. As thewidth of thewell-resolved ellipses in
the noncompliant row is almost an order of magnitude
larger than the Liþ diameter, this suggests that the
ellipses indicate the position of EMImþ, as per the pure
liquids, and that Liþ in the Stern layer must be present
in the large compliant domain.

The position of the Liþ in the compliant domain
cannot be determined from the phase images. As the
Liþ ion size is within the detection limit of AM-AFM
imaging,62 this means that the Liþ and TFSI� must be
strongly associated,63 such that the tip interactswith the
TFSI� which shields the buried Liþ. Given its small size
and high affinity for HOPG, it is reasonable to assume
that the Liþ surface packing density is higher than that
for the IL cations. However, in order to maintain electro-
neutrality, each Stern layer Liþ must have a TFSI� anion
associatedwith it. This leads to a compliant regionwider
than that in the pure IL atOCP andmeans that the anion
limits the Liþ surface packing density. The fact that no
finer structure can be detectedwithin this regionmeans
that the TFSI� anions are arranged irregularly.

Figure 4. AM-AFMphase (mocha) and topographic (orange�violet�orange) imagesof theEMImTFSI+0.1wt/wt%LiTFSI Stern
layer adsorbed toa graphite (HOPG) substrate. The interfacial datawere collected atOCP (0.31V vsPt). The slow scandirectionof
all images is down the image. The FFT of the phase image is shownas an inset. The area in the red box in (A) is expanded in (B,C).

A
RTIC

LE



ELBOURNE ET AL. VOL. 9 ’ NO. 7 ’ 7608–7620 ’ 2015

www.acsnano.org

7613

Phase images of the EMIm TFSI þ 0.1 wt/wt% Li
TFSI�HOPG at 0.1 V potential intervals are shown in
Figure 5. The corresponding height images (with the
associated phase images reproduced) are shown in
Figure C in the Supporting Information. When the
potential is increased to OCP þ 0.1 V, the structures
in the image are unchanged within the detection limit
from those at OCP. As the row features are associated
with EMImcations, the effect of the increase in potential
must be to change the ion composition in the compli-
ant region, with Liþ ions repelled from the surface and
replaced with TFSI� anions. When the potential is
further increased, the regular detailed structure is lost;
at OCP þ 0.2 V, large irregular rows are noted that are
somewhat reminiscent of those seen at the same
potential in the absence of Liþ, and the image is
essentially featureless at OCP þ 0.3 V and above.

When the potential is decreased to OCP � 0.1 V,
the features in the image are significantly clearer than
for EMIm TFSIþ 0.1 wt/wt% Li TFSI�HOPG at OCP and
ismuchmore structured than thepure liquid at the same
potential. This confirms that Liþ is present in the Stern
layer. The poorly resolved single cation rows pres-
ent at OCP have been replaced by better defined
(less compliant) cation double rows that are 2 nm wide,
and thewidthof the compliant region is reduced to3nm
from 4 nm at OCP. Thus, while the structure repeats
every 5 nm as it does at OCP, the anion-rich compliant
region is 1 nm thinner in order to accommodate the
extra EMImþ row. As seen previously, the regular ar-
rangement of the cations produces rows runningnormal
to the double row direction. These rows persist in the
compliant region, which is better defined than at OCP.

When the potential is decreased further, the width
of the rows increases while that of the compliant
region decreases until, by OCP � 0.4 V, the thick rows
(8 nm repeat spacing) constitute the entire surface.
Unlike the pure EmIM TFSI at similar potentials, the
cation rows do not appear to be as elevated, suggest-
ing that a flatter Stern layer structure is facilitated by
the presence of small Liþ in the layer.

Effect of Chloride Anion. AM-AFMphase images for the
EMIm TFSI þ 0.1 wt/wt % EMim Cl�HOPG interface at
OCP are shown in Figure 6. The corresponding height
images (with the associated phase images reproduced)
are shown in Figure D in the Supporting Information.
In contrast to the OCP data for the pure IL and EMIm
TFSIþ Li TFSI 0.1 wt/wt%, the entire image of the Stern
layer is well-defined, with no poorly resolved compli-
ant regions. As these compliant regions are associated
with TFSI� anions, this suggests that Cl� has comple-
tely replaced TFSI� in the Stern layer. The repeating
structure in this system consists of three cation rows
separated by two rows of holes, as indicated by the
blue box in Figure 6B. On a larger scale, this produces a
repeating pattern of cation double rows, then a row of
holes, followed by a cation single row and another row
of holes. To maintain electroneutrality, the holes must
contain negatively charged species. As in other sys-
tems, the TFSI� anion produces compliant features
which are absent, and this suggests that Cl� ions are
present between the cation rows. The positions of the
Cl� ions appear as holes because either (1) they are
displaced by the AFM tip during imaging or (2) their
small size (the Cl� diameter is 0.2 nm61) means that
they sit below the imaging plane of the AFM tip which

Figure 5. AM-AFM phase (mocha) images of the EMIm TFSI + 0.1 wt/wt % Li TFSI Stern layer adsorbed to a graphite (HOPG)
substrate. Image sizes are all 15 nm� 15 nm. The interfacial data were collected at differing applied potentials (indicated in
the figure). The slow scan direction of all images is down the image. The red arrow indicates the larger repeat spacing of the
image.
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is determined by the heights of the adsorbed cations.
To produce the observed alternating single/double
cation rows, the surface area of Cl� ions must be 33%
less than that of EMIm ions, which is clearly possible
given the physical size difference between the ions
and the high ionic strength environment. This means
that on average there is more than 1 Cl� per hole and
suggests that the holes result from the regular position
of the larger cations but that single Cl� anions are not
resolved.

AM-AFM images for the EMIm TFSI þ 0.1 wt/wt %
EMIm Cl�HOPG interface as a function of potential are
shown in Figure 7. When the potential is increased to
OCP þ 0.1 V, the multiple cation rows are replaced by
single rows 5 nm apart and separated by a 4 nm wide
compliant domain. This suggests that increasing the
potential results in some cations being expelled from
the Stern layer that are replaced with TFSI� and Cl

anions. The proportion of the two anion types cannot
be commented upon. Further increasing the potential
to OCP þ 0.2 V reveals cation rows. At first glance,
this is counterintuitive given the surface potential but
can be explained by a Cl� layer bound to the surface
with cations adsorbed on top. When the potential is
increased to OCP þ 0.3 V, the cation rows disappear
and are replaced by much narrower rows that are only
∼0.5 nm apart. At OCP þ 0.4 V (not shown), similar
images were obtained and featureless images were
obtained at more positive potentials.

At OCP � 0.1 V, the interfacial layer structure is
much less well-defined than at OCP. Low contrast
(relatively cohesive) cation rows are present on top of
a cation-rich layer. Cl�must be present as the structure
is both different and much better resolved than that
of the pure IL at the same potential. It is likely that
the small Cl� allows the EMIm to pack tightly into a

Figure 6. AM-AFM phase (mocha) and topographic (orange�violet�yellow) images of the EMIm TFSIþ 0.1 wt/wt % EMim Cl
Stern layer adsorbed to a graphite (HOPG) substrate. The interfacial data were collected at OCP (0.42 V vs Pt). The slow scan
direction of all images is down the image. The FFT of the phase image is shown as an inset. The area in the red box in (A) is
expanded in (B,C). The blue box indicates the unit cell of the surface ions.

Figure 7. AM-AFM phase images of the EMIm TFSI þ 0.1 wt/wt % EMim Cl Stern layer adsorbed to a graphite (HOPG)
substrate. Image sizes are all 15 nm� 15 nm. The interfacial data were collected at differing applied potentials (indicated in
the figure). The slow scan direction of all images is down the image. The red arrow indicates the larger repeat spacing of the
image.
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well-defined layer in contact with the surface. Addi-
tional cation double row layers are required to fully
compensate the surface charge. The repeat spacing
of these superstructure double rows is 4 nm. When
the potential is decreased to OCP � 0.2 V, a similar
structure is seen but with the upper double row repeat
spacing decreased to 3 nm. This is consistent with
more cations being required to compensate the more
negative potential. The upper rows are also less com-
pliant, consistent with stronger binding due to the
greater potential. There is no evidence that the struc-
ture of the ion layer in direct contact with the HOPG
has changed. The appearance of these superstructure
rows is different from those for the pure liquid, again
indicating Cl� is present. When the potential is further
decreased to OCP � 0.3 V, the upper double rows
become even more tightly packed (repeat spacing
2 nm) and the width of each individual row is reduced
from 1 nm at OCP � 0.1 V to 0.5 nm at OCP � 0.3 V,
suggesting cation reorientation within the rows.

DISCUSSION

The Stern layer of the EMIm TFSI�HOPG interface is
sensitive to both applied potential and the presence of
added lithium and chloride ions. The Stern layer com-
monly comprises single- or multiple-row structures of
segregated cations and anions oriented by alignment
with the underlying HOPG lattice. The double rows
of cations and anions present for the pure EMIm
TFSI�HOPG interface are much richer than the simple
“checker board” structures reported for frozen mono-
layers of similar aprotic ILs by UHV STM,43,44 high-
lighting the importance of multiple layers reaching
into the adjacent bulk IL in determining structure.12

The spacing between individual EMImþ ions both
along and between rows is 1 nm. This contrasts with
a very recent video STM study of the bulk BMIm
TFSI�Au(111) interface.49 In that study, at �1 V, the
same normal spacing was found, but the axial spacing
was only 0.5 nm; at more negative potentials, the
normal spacing was reduced to 0.5 nm. The large
normal spacing for BMIm TFSI was attributed to asso-
ciation of cation butyl chains lying flat on the surface at
�1.0 V, which decreases as the chains adopt a denser,
upright conformation at more negative potentials.
The larger cation spacing measured here (for all sys-
tems at all potentials), despite the shorter alkyl chain of
EMImþ, is attributed to the cation rotating in the plane
of the interface. The shorter alkyl chain allows ad-
sorbed cations to rotate about an axis near the center
of the aromatic ring, which π�π stacks on HOPG
aromatic rings.31,64 The distance from the center of
the cation ring to the terminal hydrogen of the alkyl
chain is 0.5 nm, which defines the rotating radius and
accounts for the 1 nm spacing (see Figure 1).
The presence of double rows of cations and anions

means that lateral attractions between like ions must

be present, while still allowing the layer to pack in such
a way as to satisfy charge neutrality in the unit cell.
This segregation may be driven by ethyl chain associa-
tion and polar/nonpolar segregation of groups in the
cations or by the intrinsic immiscibility of fluorinated
and hydrogenous groups on the anions and cations,
respectively. In a double cation row, the ethyl chains
can associate with neighboring Stern layer cations
while undergoing restricted rotation; this could ac-
count for the cations appearing as ellipses rather than
circles in the images (see, e.g., Figure 2). (The long
ellipse axis is not the same as the scan direction, so it is
unlikely that the elongated shape is an imaging
artifact.) Given the widespread use of fluorous anions
in ILs, such double row structures may be common,
and a systematic study of cation and anion structure
variation may yield further insights into the Stern layer
structure. In all images presented, the cations are
better resolved than the anions. This is likely because
the graphite surface interacts more strongly with the
cations (via π�π stacking) than anions, and the flat
cation geometry packs more effectively at the surface.
Anions are less constrained and thus can adopt nu-
merous interfacial geometries, meaning they are less
well-resolved in images.
When the applied potential is increased, the Stern

layer becomes enriched in anions, and this alters the
lateral structure. At þ0.1 V, the cation double rows
are replaced by single rows, and the anion domain
grows wider. However, this potential is not sufficient to
overcome π�π attractions or displace all cations.
Individual cation ellipses can no longer be detected
because in a single row the cations have no preferred
orientation. Similarly, as not all the TFSI� in the Stern
layer is associated with a cation, orientational ordering
of anions is lessened and rows cannot be detected.
When the potential is further increased to OCPþ 0.2 V,
cation rows can no longer be detected in the image,
although there are suggestions of larger structures
which are due either to weak associations between
Stern layer anions or to vestigial remnants of cation
rows. At OCP þ 0.3 V, the image is featureless, con-
sistent with anions in the Stern layer packed in a dense
but amorphous arrangement. In order to maximize
electrostatic attractions, the anion central nitrogen
will preferentially orient toward theHOPG surface, with
fluorine groups facing into the bulk IL. This may
account for the high lubricity observed for boundary
layers composed of fluorine-rich anions.29,65 Fajardo
et al.37 have attempted to relate the lubricating proper-
ties of ILs to the interfacial ion arrangements.37 Their
simulation suggests that IL lubrication occurs via two
mechanisms: (1) enrichment of a single ion species at
the polarized interface (cations at negative potentials
and vice versa), providing a smooth sliding plane;
and (2) large surface potentials immobilizing ions
sufficiently in several near surface layers to raise the
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slip plane, which prevents “squeeze-out” and interfa-
cial wear. Importantly, the lateral surface-ion reorder-
ing and interfacial molecular geometry are key to
achieving low-friction IL lubrication. While our results
do not conclusively verify this interpretation, they are
at least consistent with it.
The effect of negative applied potentials on structure

is far from symmetrical. Although necessarily mirroring
the enrichment of the Stern layer in counterions at
positive potentials, the lateral structure evolves very
differently. At OCP � 0.1 V, the Stern layer consists of
a disordered arrangement of cation rows, seen as a high
density of noncompliant ellipses. This suggests that at
this potential the cation to anion ratio does not permit
packing into a regular structure, so that the observed
arrangement is the best compromise between the need
for the ions to pack and the requirement to neutralize
the surface potential.
In contrast with the amorphous (anion) layer seen at

high positive potentials, decreasing potential to OCP�
0.2 V and beyond leads to the emergence of a well-
defined superstructure of large cation double rows;
the corresponding height image (cf. Supporting Infor-
mation Figure A) confirms that these doubles rows
are elevated. Analysis of the height of phase images
together reveals that cations (ellipses) are present at
two distinct elevations, with the prominent rows on
top of less well-defined underlayers. The rows are thus
present to compensate the applied surface potential,
which is not fully offset by the underlying cation film,
due to attractions (including packing considerations)
between ions in the underlayer and the superstructure,
or some combination of both effects.
The relatively low surface potential may suggest that

attractive interactions between ions play a key role,
and the superstructure may thus overscreen the sur-
face potential in line with previous predictions.66 How-
ever, more cations are present at OCP � 0.3 V than at
OCP� 0.2 V, and the rows are less compliant, suggest-
ing that the surface potential is the dominant effect. In
this work, we cannot categorically state whether over-
screening occurs or not because the surface charge is
not known. However, the double row superstructures
observed for pure EMIm TFSI, and with added lithium
or chloride, could be consistent with overscreening.
At large negative potentials, the 1.8 nm center-to-

center distance between cations in the superstructure
double rows is markedly larger than the 1 nm distance
between cations in the surface-adsorbed double rows
at OCP. This is attributed to a compliant anion row
running between the cation double row in the super-
structure. The additional 0.8 nm spacing is consistent
with the physical dimensions of the TFSI� anion. Upon
addition of 0.1 wt/wt% EMIm Cl at the same potentials,
a similar superstructure occurs (Figure 7), but with
a 1.2 nm row spacing due to the presence of the
much smaller Cl� between the double rows. For both

systems, if ∼1 anion is present between every
2 cations, a net þ1 positive charge remains available
to compensate the surface potential. Packing con-
siderations must make this cation�anion�cation row
arrangement more favorable than a single row of
cations, which would have approximately the same
net charge.
Addition of 0.1 wt/wt % Li TFSI changes the appear-

ance of Stern layer markedly from that of the pure
liquid, with its effect most pronounced near and below
OCP. The image at OCP is somewhat similar to pure
EMIm TFSI at OCPþ 0.1 V, with the cation double rows
of the pure liquid replaced by single rows separated by
a wider compliant region, as Liþ replaces EMImþ, and
is present in the compliant region. Liþ ions cannot
be detected because of their strong association with
the TFSI�.63 Discrete cations are apparent in the rows,
which, based on the arguments above, suggests a
preferred orientation. This suggests that the invisible
Liþ in the compliant region is arranged in a regular
fashion in the center of HOPG rings.
Preliminary investigations of Li TFSI concentra-

tions an order of magnitude higher and 2 orders of
magnitude lower have revealed different structures
from those reported here. These experiments will
be described in a forthcoming publication but are
mentioned to confirm that the Stern layer structure
depends on the solute concentration, as expected;
the surface excess of Liþ will increase with concentra-
tion and negative applied potential until saturation is
reached. Corresponding effects are expected for Cl�

and any other ion with appreciable surface affinity.
Increasing potential in the EMIm TFSIþ 0.1 wt/wt %

Li TFSI�HOPG system first expels Liþ, leading to a Stern
layer similar to that found for pure EMIm TFSI at OCP.
The TFSI� that was associated with the expelled Liþ

remains in the Stern layer and compensates the higher
surface potential with no visible change in the struc-
ture. When the potential is further increased to OCP þ
0.2 V, the structure becomes increasingly ill-defined,
culminating in an amorphous layer of TFSI� only,
similar to that observed in the absence of electrolyte.
At negative potentials, Liþ in the Stern layer allows

the cation double row structure preferred for the pure
liquid at OCP to reassert itself. The position of Liþ

cannot be determined from the image, but it likely
resides in the small anion-rich compliant regions be-
tween the rows. As the potential is further decreased,
the Stern layer becomes more densely populated with
cation rows, but the prominent double row super-
structure present in the pure liquid does not form as
enough Liþ can pack into the EMimþ-rich Stern layer to
satiate the surface potential without the need to form
superstructure rows. At OCP � 0.4 V, the light shaded
cation-rich areas may indicate the emergence of a
second layer of elevated rows, but this structure is still
much flatter than that in pure EMIm TFSI.
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Addition of EMIm Cl strongly affects the structure
of the interface. The OCP data for the EMIm TFSI þ
0.1 wt/wt % EMIm Cl�HOPG system are the clearest
of any system investigated in this study. The image
indicates that Cl� has completely displaced TFSI� in
the Stern layer. The smaller Cl� ions pack more tightly
on the HOPG than TFSI�, meaning that less area
is required to neutralize the charge of the cation. As
a result, more cations are able to pack into the Stern
layer, and the energetically favored packing structure
is a repeating 2 EMImþ � 3 Cl� � 2 EMImþ � 3 Cl� � 2
EMImþ unit, as indicated by the blue box in Figure 6B.
This adlayer structure maximizes cation�HOPG π�π
stacking and solvophobic interactions between cation
alkyl chains while preserving electroneutrality. The
complex lateral structure generated by chloride addi-
tion serves to highlight the importance of polar/
nonpolar segregation and the relative packing vol-
umes of cations and anions in determining the lateral
structure of the IL Stern layer. That is, the relative sizes
of TFSI� and Cl� have more impact on lateral structure
than specificmiscibility effects and should therefore be
a primary control parameter for local order.
When the potential is increased to OCP þ 0.1 V,

the structure changesmarkedly. The single cation rows
remain, but the cation double rows are repelled from
the surface and replaced by anions that form a wide
region. The compliance of the anion region suggests
that it has an appreciable concentration of TFSI�.
The composition of the anion domain is determined
by the relative surface affinities and bulk concentra-
tions of TFSI� andCl�. If the bulk Cl� concentrationwas
increased,more Cl�would be present in the Stern layer
at this potential, which may lead to a better defined
anion-rich domain.
At OCPþ 0.2 V, a cation-rich layer is imaged, in stark

contrast to the near featureless images noted for
the other two systems at the same potential. On elec-
trostatic grounds, this cannot be in contact with the
HOPG surface at this potential. This suggests that a
chloride-rich layer is in contact with the HOPG surface,
and the cation is adsorbed either on top of or within
this layer. Due to the small size of Cl�, this cannot be
resolved from the image. When the potential is in-
creased to OCP þ 0.3 V, poorly resolved rows only
0.5 nm across are imaged. The rows are not compliant,
indicating that they are not due to TFSI�, which there-
fore suggests a Cl�-only Stern layer. From the image,
it cannot be stated whether one or more Cl� layers are
present on the HOPG, but given the small size of Cl�,
we suspect that a single layer of chloride ions is
adsorbed at OCP þ 0.3 V and that the cations may be
embedded in the chloride layer at OCP þ 0.2 V.
At OCP � 0.1 V, cation double rows are observed

in a superstructure on top of a layer in contact with the
surface in which only cations can be discerned.
The small Cl� ions allow EMImþ to pack neatly on the

surface (unlike for the pure IL), but the potential of
this layer is not sufficient to capacitatively match
(or almostmatch) the potential of the surface, resulting
in the presence of the cation rows in the superstruc-
ture. The cation rows are not as elevated and less
well-defined than those at OCP (at higher potentials)
because, as described above, smaller Cl� ions run
down the center of the superstructure double rows
instead of TFSI�. This enables the EMImþ rows to pack
more closely together and favors flatter orientations of
the cation ring to the surface plane.When the potential
is decreased further, no change can be detected in
the ion layer in contact with the surface. The primary
effect is that the repeat spacing of the superstructure
double rows decreases monotonically from 4 nm at
OCP � 0.1 V to 2 nm at OCP � 0.3 V. Thus, as the
potential is decreased, more superstructure cation
double layers (which have a net positive charge) are
required to neutralize the surface potential, leading
to closer packing. The uniform manner in which the
packing density of the superstructure increases sug-
gests that the underlayer composition remains rela-
tively constant with potential over this range. At OCP�
0.3 V, the thickness of the individual cation rows in the
double rows also decreases. This suggests that the
cations adopt a more upright conformation (relative
to the plane of the surface) to enable closer packing of
cation double rows in the superstructure.
For all systems, featureless images are obtained

when the potential is greater than OCP þ 0.3 V or less
than OCP � 0.4 V. This result is consistent with the
molecular dynamic simulations of Merlet et al.,34 which
suggest that the first ion layer is ordered within a
potential window of approximately 0.5 V but becomes
disordered at higher and lower potentials.34 It is likely
that at positive potentials greater than OCP þ 0.3 V
the adsorbed layer is highly enriched in TFSI� (or Cl�

when present) with fluorine atoms oriented toward the
bulk.36,44,67 Fluorinated surfaces are lubricating, which
makes imaging challenging. At potentials less than
OCP � 0.4 V, cation rings are likely oriented relatively
normal to the surface plane to maximize packing
density and most effectively neutralize the surface
charge. This leaves cation alkyl chains oriented toward
the bulk liquid, so the imaging plane presented to the
AM-AFM tip is a close-packed layer of C2 alkyl chains.
While these features of this size should be within the
resolution of AM-AFM, the chains are not very tightly
packed as the spacing is dictated by the size of
the EMImþ ring. This means that the chains are com-
pressed even under the weak imaging pressure of
AM-AFM and therefore cannot be resolved.

CONCLUSIONS

A key driver of the remarkable surge in IL research
interest in recent times is their potential as electrolytes
in electrochemical devices such as batteries and
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capacitors and as solvents for electrodeposition.
This interest was spurred by the attractive combination
of physical properties exhibited by ILs, including high
conductivity, electrochemical stability, inflammability,
low vapor pressure, and solubilizing capacity, among
others.1,5,24 However, the use of ILs in devices and
products is currently limited by the IL EDL being poorly
understood compared to those of electrolyte solutions
in molecular solvents.22,23 The normal structure of
ILs near a solid surface is (relatively) easy to probe
and is consequently well-characterized. However,
the structure of the interfacial adlayer or Stern layer,
which is critical for electrochemical processes,22,23

has proven to be much more difficult to examine
in situ and is considerably less well-defined, especially
its lateral structure across the surface. The work
presented in this paper begins to bridge this knowl-
edge gap.
The AM-AFM images presented in this work for the

EMIM TFSI�HOPG interfaces resolve the positions of
both cations and anions in the IL Stern layer in situwith
ionic discrimination for the first time. The rich lateral
structure revealed for the EMIM TFSI�HOPG Stern
layer is very different than that determined for frozen

monolayers of similar aprotic ILs by UHV STM43,44 and
even more complex than predicted.34,35,38,68 Critically,
the Stern layer nanostructure changes markedly with
surface potential or when relatively low concentrations
of lithium or chloride ions are present. The evolution of
the Stern layer nanostructure at positive and negative
potentials is asymmetrical. This reflects the different
surface affinities, packing constraints, and charge lo-
calizations of the IL cations and anions; the Stern layer
structure represents the best compromise between
these effects and the surface potential, along with the
solute concentration where applicable. At negative
potentials for the pure liquid and in the presence of
chloride, the AM-AFM images provide experimental
evidence for the presence of an additional cation-rich
layer on top of the ions in contact with the HOPG, which
could overscreen the surface potential, as predicted in
earlier indirect probes of Stern layer structure.22

Although the focus of this paper is the IL EDL,
the (potential-dependent) structure of the IL layer in
contact with a solid surface impacts upon a diverse
range of process and applications including the
use of ILs as lubricants,29 colloid stability,69 and dye
solar cells.7

METHODS
EMIm TFSI and EMIm Cl were purchased from Io-Li-Tec, Ionic

Liquids Technologies, Germany, in the highest purity available
(>99.9%). Analytical grade Li TFSI was purchased from Sigma-
Aldrich. The 0.1 wt/wt % EMIm Cl or Li TFSI in EMIm TFSI
solutions were prepared using an analytical balance, heated
at ∼60 �C, and sonicated for several hours in a sealed vial to
ensure complete dissolution. The water content of these ILs
was undetectable by Karl Fisher titration (<0.01 v/v%). HOPG
surfaces were bought from NT-MDT Co., Russia, and cleaved
along the basal plane using adhesive tape immediately prior
to the experiment. The freshly cleaved HOPG was therefore
atomically smooth and clean.
The IL systems were studied using an Asylum Research

Cypher atomic force microscope (Cypher AFM). All data were
obtained at a temperature of 25 �C. Images were obtained
using ArrowUHFAuD (NanoWorld, Switzerland, nominal spring
constant kc = 6 Nm�1). Cantilevers with large free air resonance
values (frequency ∼ 1500 kHz) were used to overcome the
viscous dampening effect of the IL to the cantilever. The large
free air resonance provides a bandwidth window large enough
that despite significant signal dampening, usable tunable tun-
ing frequencies were available. Each cantilever was calibrated
using its thermal spectrum in IL prior to imaging, producing a
well-defined resonance peak, and the lever sensitivity deter-
mined using force spectroscopy. Cantilever tips were irradiated
with UV light for 15 min prior to experiment to remove organic
contaminants. Experimentswere completed in a droplet exposed
to the atmosphere within the AFM box (a sealed enclosure). As
the IL is hygroscopic, the water content of the liquid increases
over the course of the experiment. The data presented in this
paperwere obtainednomore than60minafter the IL dropletwas
placed on the HOPG. The Karl Fischer titration water content of IL
collected from the cell after 60 min had a value of no more than
∼1 wt %, which depended slightly on the ambient humidity,
so the water concentration in the data presented is <1%.
During AM-AFM imaging, the cantilever is fully immersed into

the IL and excited acoustically by a piezoelectric actuator,
making the cantilever oscillate at (or close to) its resonance

frequency. A system comprising a laser and a photodiode allow
for subangstrom detection of the cantilever vertical motion
near the tip. The oscillation amplitude can be adjusted by the
user, but the phase lag between the driving and tip oscillations
varies freely. As the vibrating tip approaches the HOPG surface,
the oscillation amplitude decreases from A0 (free amplitude in
bulk liquid) to A, a set point amplitude decided by the operator.
As the tip scans the surface, a feedback loop keepsA constant by
continuously readjusting the average tip�sample distance. An
image of the interface is then obtained from the corrections
imposed by the feedback loop. During imaging, values of
A/A0 g 0.7 were typically used with the free liquid amplitude
(A0) of the cantilever at ≈1 nm. Using these parameters,
the phase and amplitude vary in response to the liquid com-
pliance between the tip and the surface, and the AFM directly
probes the Stern layer ionswithout significantly interactingwith
the HOPG surface. It should be noted that the Stern layers in all
systems are dynamic, with constant diffusion of ions in and out
of the structures. The AM-AFM captures the average structure
over the course of producing an image.
In order to exclude the possibility of scanning artifacts, we

systematically checked that changes in scan angle and scan size
induced the expected rotation and rescaling in the acquired
images. All dimensions provided are (0.1 nm unless stated
otherwise.
The standard droplet cell of the Cypher AFM was modified to

obtain in situ electrochemical measurements. A thin (diameter
∼0.25 mm) cylindrical strip of Cu and Pt wire were used as the
counter electrode (CE) and “quasi” reference electrodes (QRE),
respectively. The CE and QRE were cleaned in dilute HCl acid
solution and then washed with Milli-Q water and dried using a
stream of nitrogen gas. HOPG was used as both the working
electrode (WE) and the solid substrate for AFMexperiments. The
QRE and CE were located directly above the center of the WE
surface by securing the Pt and Cuwire to the droplet cell. Ohmic
loss was minimized by positioning the QRE as close as possible
(<2 mm) to the WE surface. The potential of all electrodes was
controlled by a WaveNow USB potentiostat (model WN50-
BASIC). The samples were held at each potential for 8 min
prior to data acquisition to ensure electrochemical equilibrium.

A
RTIC

LE



ELBOURNE ET AL. VOL. 9 ’ NO. 7 ’ 7608–7620 ’ 2015

www.acsnano.org

7619

In situ cyclic voltammograms were obtained over a voltage
window of (1 V for all systems investigated and were in
accordance with those obtained previously;70 no electrochemi-
cal processes were observed over this voltage range. The OCPs
for the pure EMIm TFSI, EMIm TFSI þ 0.1 wt/wt % Li TFSI, and
EMIm TFSI þ 0.1 wt/wt % EMIm Cl systems were 0.26 V vs Pt,
0.30 V vs Pt, and 0.42 V vs Pt, respectively.
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