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ABSTRACT: The structure of 1-butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide ([C4mpyr][NTf2]) room-
temperature ionic liquid at an electrified gold interface was
studied using neutron reflectometry, cyclic voltammetry, and
differential capacitance measurements. Subtle differences were
observed between the reflectivity data collected on a gold
electrode at three different applied potentials. Detailed analysis
of the fitted reflectivity data reveals an excess of [C4mpyr]

+ at
the interface, with the amount decreasing at increasingly
positive potentials. A cation rich interface was found even at a
positively charged electrode, which indicates a nonelectrostatic
(specific) adsorption of [C4mpyr]+ onto the gold electrode.

■ INTRODUCTION
Room-temperature ionic liquids (RTILs) have attracted an
enormous amount of interest in the last few decades due to
their favorable physicochemical properties, such as low melting
point, good thermal stability, and low volatility.1−5 These
properties make them attractive potential solvents for many
industrial applications, such as energy storage and metals
production.6−13 Some ILs are particularly resistant to oxidation
and reduction and have electrochemical windows up to 6 V
making them especially suited as solvents for the electro-
deposition of reactive metals such as aluminum. For example, in
the current method for aluminum production the metal is
electrodeposited from a molten salt at temperatures up to 1000
°C.14,15 There is significant interest in developing new methods
for bulk and high-purity aluminum which avoid the difficulties
of the high-temperature process, such as high energy demand
and hazardous emissions. RTILs are one of the novel
technologies being investigated for this purpose.
The morphology of a metal electrodeposit is influenced by a

number of factors besides the coordination environment of the
dissolved metal ion. These factors include the viscosity and
Lewis acidity of the solvent, the temperature, the duration of
the deposition, the applied electrode potential, and the
electrical double-layer (EDL) structure at the liquid-electrode
interface.6−13,16,17 Studies of the EDL structure in RTILs at
uncharged solid−liquid interfaces and gas−liquid surfaces have
been reported in the literature. These studies made use of

surface forces apparatus, atomic force microscopy (AFM),
surface tunneling microscopy (STM), and X-ray and neutron
reflectometry techniques.18−26 The results showed that strong
interplay between electrostatic interaction and steric hindrance
in RTILs causes the formation of alternating layers of cations
and anions at interfaces. Such alternating layers are typically
only a few nanometers thick and thus can generate a large
electrostatic potential field of up to ∼109 V/m. The thickness
and polarity of each alternate layer will affect the value of the
EDL capacitance and may also affect the rate of electron
transfer.27−37 Higher capacitance values are obtained when the
polarization of ions in the EDL increases, the thickness of the
EDL decreases, or both.
Experimental studies of the EDL structure in RTILs as a

function of applied electrode potential are rare, although
indirect studies of ion adsorption at aluminum surfaces have
been reported by Endres et. al.9,38 These studies concluded that
at the negative potentials required to enable aluminum to be
electrodeposited the cation of the ionic liquid is adsorbed
preferentially at the interface and modifies the deposit
morphology.
Recent efforts in probing the potential-dependent EDL

structure in RTILs have mainly focused on the first
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(Helmholtz) layer of EDL in imidazolium-based RTILs.39−42

The results indicate that the cation in the Helmholtz layer is
oriented parallel to the surface at negative applied potentials.
This orientation shifts toward the normal angle with
increasingly positive potentials. To gain more insights on
changes in the overall EDL structure as a function of applied
potential, we performed neutron reflectometry (NR) studies at
an electrified Au-RTIL interface. Results from the NR
measurements were then analyzed with the help of the
complementary cyclic voltammetric and differential capacitance
data. In this study 1-butyl-1-methylpyrrolidinium bis-
(trifluoromethylsulfonyl)imide ([C4mpyr][NTf2]) was used as
a model RTIL. It is one of the most common and best
understood RTILs with favorable physicochemical properties
for electrochemical applications, such as low viscosity, low
melting point, high conductivity, and high electrochemical
stability.43 The molecular structure and size of [C4mpyr][NTf2]
is shown in Figure 1.

NR is a particularly useful technique to use for interfacial
studies of these materials because measurements can be made
in a completely closed cell, allowing the interface to be probed
while maintaining a rigorously clean environment.44

■ EXPERIMENTAL SECTION
The schematic of the electrochemical cell used in this study can be
found in Lauw.45 The cell comprises three electrodes: a 10 cm-
diameter working electrode coated with a gold film and a glass disk
coated with fluorine-doped tin oxide as a counter electrode. Here we
measured the Au thickness to be 264 Å with a roughness of 10 Å.
Previous X-ray reflectometry measurements on the same film indicated
a smaller roughness,45 5.4 Å. Such discrepancies can occur because the
sampling area of the two techniques are quite different, which
magnifies the effect of small changes in film properties across the
wafer.
The two electrodes are separated from each other by a thin

fluoropolymer gasket which defines the cell reservoir. A silver wire acts
as a pseudoreference electrode. The gold film was deposited onto a
polished silicon wafer precoated with an adhesive Cr-layer using
vacuum thermal evaporation. The gold and chromium films were
characterized by X-ray reflectometry and X-ray diffraction as described
in a previous work.45 The film was found to be polymorphous with the
Au(111) crystal phase predominant. Prior to placing the electrodes in
the cell, the gold and glass electrodes were cleaned using HPLC-grade
isopropanol. The gold electrode was subsequently cleaned with ozone

for 5 min.46 During data collection, the applied electrode potential was
regulated using an eDAQ EA161 potentiostat (the maximum current
density was less than 4 μA/cm2 at all times). A full description of the
electrochemical cell and the components which comprise it can be
found in Lauw et al.45

The ultrahigh purity [C4mpyr][NTf2],
47 obtained from Merck has

the following physical properties: melting point −18 °C, viscosity at 25
°C 85 × 10−3 Pa·s, conductivity at 25 °C 2.2 × 10−3 S·cm−1, dielectric
constant 11.9. Karl Fischer analysis showed it contained 41 ppm water.
The neutron scattering length density (SLD) of [C4mpyr][NTf2] was
calculated based on its mass density (Anton Paar Densitometer
DMA5000) at 25 °C, which is 1.3945 g/cm3 (the corresponding
molecular volume is 503 Å3). The SLDs for each component were
calculated by summing the bound coherent scattering lengths48 of the
consituent atoms and dividing by the molecular volume. The
scattering length density of a material indicates how strongly a
neutron interacts with it. The literature49,50 indicates that the
molecular volumes of [C4mpyr]

+ and [NTf2]
− are 253 and 230 Å3

respectively. However the sum total of these volumes (483 Å3) is 1.041
times less than the measured value of 503 Å3. Therefore, the molecular
volumes used to calculate the SLD were multiplied by this number:
[C4mpyr]

+ = 263.4 Å3 and [NTf2]
− = 239.6 Å3. The SLDs for

[C4mpyr][NTf2], its constituent ions, and all the components of the
working electrode, are shown in Table 1.

■ NEUTRON REFLECTOMETRY
A series of NR measurements were conducted at ANSTO’s
OPAL reactor using the time-of-flight (energy dispersive)
Platypus instrument.51,52 The range of momentum transfer was
0.005 < Q/Å−1 < 0.15, with Q being equal to [4π.sin(θ)]/λ,
where θ and λ are the angle of incidence and wavelength of the
neutron, respectively. The fractional Q-resolution of the
measurement (ΔQ/Q) was 4%. Before exposing the gold film
to the RTIL neutron and X-ray reflectivity patterns from the
gold electrode against air were measured and analyzed to obtain
the thickness and roughness of the Au, Cr, and native SiO2
layers of the working electrode. The Au-RTIL interface was
probed by directing the neutron beam through the silicon and
reflecting from the electrode-RTIL interface. The NR data were
collected at room temperature for three distinct applied
potentials against a silver wire pseudoreference electrode:
−1000 mV, open circuit potential (−300 mV) and at +1500
mV. These potential values were then rescaled with respect to
Ag|Ag+ (10 mM Ag triflate [OTf] in [C4mpyr][NTf2]), which
is the reference electrode used in the differential capacitance
measurement. The potential of the silver wire pseudoreference
electrode was measured as +245 ± 13 mV vs Fc|Fc+ (five
repetitions), and the potential calibration from Fc|Fc+ to Ag|
Ag+ yields +350 ± 5 mV (five repetitions). The three applied
potentials are thus −1595, −895, and +905 mV vs Ag|Ag+

reference electrode. They are located within the electro-
chemical window (between the cathodic and anodic limits) of

Figure 1. Molecular structure of [C4mpyr]
+ and [NTf2]

−.

Table 1. Neutron SLD of [C4mpyr][NTf2], Its Constituent
Ions, and the Working Electrode Components

species SLD/10−6 Å−2

[C4mpyr][NTf2] 1.59
[C4mpyr]+ −0.21
[NTf2]

− 3.57
Au 4.50
Cr 3.03
SiO2 3.47
Si 2.07
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[C4mpyr][NTf2] on a gold electrode, as shown by the cyclic
voltammogram in Figure 2a. The potential values are marked as

points A, B, and C on the differential capacitance curve in
Figure 2b. The reproducibility of the experiment was confirmed
by a series of repeated NR measurements using different gold
electrodes, with the potentials applied in the reverse order.

■ MODELING
Each measured NR data set was analyzed by creating a model
of the scattering length density profile perpendicular to the Au/
bulk IL interface.

(i) Part of the Au-layer, the interface, and a proportion of
the bulk liquid are divided into 200 sublayers;

(ii) The volume fraction of Au, [C4mpyr]+, and [NTf2]
− in

each sublayer are assigned under incompressibility (space
filling) constraints. The volume fraction of Au is
described by a Heaviside (step) function, i.e., equal to
unity if the sublayer is located within the Au-layer and
zero otherwise. Accordingly, the volume fraction of ions
for any sublayer located within the Au-layer is equal to
zero. For sublayers situated beyond the Au-layer, the
local volume fraction of [C4mpyr]+ and [NTf2]

− is
calculated from the mole fraction profile of the cation
x[C4mpyr]+(z), where z is the distance from the Au/bulk IL
interface:
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t is the thickness of a layer adjacent to the Au interface with
uniform mole fraction, F, of cation (0 < F < 1). Next to this is
an exponentially damped cosine function (decay length, l and
wavelength λ), used to represent the expected oscillatory

layering of cations and anions at the electrode-RTIL interface.
Space filling constraints mean that x[NTf 2]− (z > 0) = 1 −
x[C4mpyr]

+ (z > 0).

(i) A normalized Gaussian function is created, with its mean
value located at the electrode-RTIL phase boundary and
its standard deviation equal to the roughness of the Au-
layer. This Gaussian function is then convolved with the
volume fraction profile of each component. The
convolved volume fraction profiles are used to generate
the SLD profile across the interface and the correspond-
ing NR curve.

(ii) The model parameters described by eq 1 are then
adjusted to minimize the least-squares difference (χ2)
between this theoretical curve and the measured NR
data. We use a genetic optimization technique, with error
weighting and resolution smearing, in the MOTOFIT54

program. Uncertainties in parameters were obtained via
Monte Carlo resampling. The computer code required to
carry out this fit is available in the Supporting
Information.

We use the slicing method described above for two reasons.
First, the function we are trying to describe in eq 1 is smoothly
varying. Using a multitude of slices approximates the function
well, but the same cannot be said for a model only possessing
one or two layers (slices) that have a uniform SLD. Second, the
slicing approach is also required because the thickness of the
adsorbed cation/anion layer is the same order of magnitude as
the roughness of the Au film. In this regime, the Nevot and
Croce55 approach for treating roughness loses its validity.
However, the slicing and convolution approach we use here is
rigorous and still applicable. At small roughness values the
Nevot−Croce approach and the slicing approaches are
equivalent.

■ CYCLIC VOLTAMMETRY AND DIFFERENTIAL
CAPACITANCE

Cyclic voltammetry measurements of ultrahigh purity
[C4mpyr][NTf2] were conducted under an inert argon
atmosphere on a gold electrode (1 mm in diameter) using a
potential scan rate of 20 mV/s. A silver wire was used as a
pseudoreference electrode and the results were rescaled against
a Ag|Ag+ reference electrode so that they could be directly
compared with the differential capacitance measurements. The
cyclic voltammogram shown in Figure 2a is constructed from
two separate scans, one toward the cathodic and one toward
the anodic limit of [C4mpyr][NTf2]. These scans were
performed separately to prevent decomposition products
formed at one potential limit, (such as the reduction of
[C4mpyr]

+ and/or [NTf2]
− at negative potentials) interfering

with the determination of the other potential limit.56,57

The differential capacitance curve of a gold electrode (1 mm
in diameter) in [C4mpyr][NTf2] is shown in Figure 2b. The
differential capacitance was calculated from impedance
measurements recorded using a Zahner IM6-ex electrochemical
workstation. The RTIL was held at room temperature and
under high vacuum (10−5 Torr), with a Ag|Ag+ (10 mM
Ag[OTf], [C4mpyr][NTf2]) reference electrode and a large
area platinum counter electrode. The differential capacitance
was measured every 0.03 mV using a 1 kHz perturbation and an
acquisition time of 100 s. The accuracy of the measurements
was checked at several potentials using full impedance fitting in
the frequency range 50−7000 Hz. The equivalent circuit used

Figure 2. (a) Cyclic voltammogram of ultrahigh purity [C4mpyr]-
[NTf2] on a gold electrode, recorded at a scan rate of 20 mV/s. (b)
Corresponding differential capacitance curve obtained from impedance
measurements.53 The NR data were collected at three potential values,
i.e., at −1595, −895, and +905 mV vs Ag|Ag+, which are indicated by
points A, B, and C, respectively.
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for fitting consists of an electrolyte resistance and constant
phase element with an exponent of 0.87. Full details of the
equipment and methods used for the differential capacitance
measurements are described fully in our earlier publication.36

■ RESULTS AND DISCUSSION
The differential capacitance curve in Figure 2b has a camel
shape with one local minimum and two maxima. The camel-
shaped capacitance curve for RTILs has been theoretically
predicted and widely discussed in the literature.27−37 In our
recent modeling publication, we showed that such a capacitance
curve can result from relatively large ion sizes and non-
homogeneous ion polarizations at the interface.37 The local
minimum of the capacitance curve is typically regarded as the
point of zero charge (pzc), in which the electrode’s net surface
charge is zero. Either side of the pzc, the net charge at the
electrode’s surface is either negative (on the left-hand side of
pzc in Figure 2 or positive (on the right-hand side of pzc in
Figure 2). Theoretically, the maxima of the capacitance curve
correspond to the saturation of the Helmholtz layer in the EDL
by counterions.37 From Figure 2b, the pzc for [C4mpyr][NTf2]
on a gold electrode is reached at ∼-400 mV vs Ag|Ag+, whereas
the maximum capacitance is located at ∼−1500 mV for a
negatively charged electrode and between +500 mV and +1200
mV for a positively charged electrode.
As described above, the NR measurements were conducted

at three different applied potentials: on the left-hand side of the
pzc (at point A in Figure 2b), close to the pzc (point B), and on
the right-hand side of the pzc (point C). These three points are
located well within the electrochemical window of [C4mpyr]-
[NTf2] (Figure 2a) and chosen to avoid decomposition of the
RTIL on gold, which is expected at ∼-2400 mV vs Ag|Ag+.56,57

The measured and fitted NR data are plotted as functions of the
momentum transfer (Q) in Figure 3.

Subtle, but clear, differences between the three NR curves
were observed. To highlight these subtle changes, the NR data
for points A and C are plotted on an expanded scale (RQ4) in
Figure 4b, alongside a theoretical NR curve for the situation
where there is no excess or segregation of ions at the interface
(i.e., equimolar quantities of [C4mpyr]+ and [NTf2]

−). In
addition, Figure 4a shows an ‘asymmetry’ plot of the difference
of the two data sets divided by the sum, (A − C)/(A + C). Such

plots are regularly used in polarized neutron reflectometry to
highlight the differences between two data sets.58 The presence
of oscillations in this asymmetry plot, outside the error bars of
the measurement indicates a systematic change in periodicity of
the fringesif no effect was observed then this asymmetry plot
would show randomized equi-distribution of points either side
of the abscissa across the entire plot region. These changes
were also observed in repeat measurements on a different wafer
(where the application of applied potential was in reverse
order). The data in Figure 4b shows that the Kiessig fringes
shift to the right as the applied potential becomes more
negative. This is due to an increasing surface excess of
[C4mpyr]

+, as illustrated by the three theoretical NR curves
shown in Figure 4c. These were generated based on a
hypothetical interface where there was a local excess (in a
single layer of uniform composition) of either [C4mpyr]

+ or
[NTf2]

−, or no excess of either ion close to the surface of the
gold electrode. It is apparent that, when the interface is
dominated by [C4mpyr]

+, the Kiessig fringes shift to higher Q
than those observed with no interfacial excess of either ion.
This shift can be explained by considering the relative SLDs of
the system. Since the cation possesses an SLD which is lower
than that of gold and of the bulk IL, it lowers the amount of
scattering density adjacent to the surface, making the Au look
thinner. Alternatively, when there is an excess of anion at the
interface, the corresponding Kiessig fringes would shift to lower
Q values (the anion has an SLD greater than that of the bulk IL
and would increase the amount of scattering density at the Au/
IL surface, making the Au look thicker). This qualitative
analysis therefore indicates that there is a surface excess of
cation at all surface potentials, although the amount does
change as the electrode becomes more positive.

Figure 3. NR curves for ultrahigh purity [C4mpyr][NTf2] on a gold
electrode at points A (∇, −1595 mV), B (○, −895 mV), and C (Δ,
+905 mV), as indicated in Figure 2b. The dots are the measured
reflectivity data, whereas the solid lines are the fitted data (using
scenario ii). The NR curves at point A and C are offset vertically by
plus and minus one unit scale on the ordinate. All experimental
uncertainties reported in this paper represent 1 standard deviation.

Figure 4. (a) An asymmetry plot that highlights differences between
data set A and C. This is obtained by the relationship (A − C)/(A +
C), with propagation of errors. (b) Zoom-in view of the measured NR
data for data set A (∇) and data set C (Δ), together with the
theoretical reflectivity for no excess of either ion. (c) Theoretical NR
curves for the cases where there is an excess of either [C4mpyr]

+

(dashed) or [NTf2]
− (dash-dot) at the interface, and where there is no

excess of ions (continuous). All lines are guides to the eye.
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This qualitative analysis can be understood in more detail by
closer examination of the modeling. Several different scenarios
can be employed by varying parameters in eq 1:

(i) No surface excess of either ion is present (F = 0.5).
(ii) There is only a layer of constant composition (thickness

t) at the interface, with no oscillatory layering (small l) (a
“one box model”).

(iii) There is only oscillatory layering of ions at the surface (t
= 0).

(iv) There is a layer of constant composition and oscillatory
layering at the surface.

The parameters from each of these types of fit, for data sets
A/B/C, are shown in Table 2.
The excess of [C4mpyr]+ at the interface (σ[C4mpyr]+) was

approximated by integrating eq 1 between 0 < z < ∞,
subtracting the amount due to the bulk amount of cation, and
dividing by the molecular volume. For case ii, this is simply
expressed as

σ = −+
+v

t F
1

( 0.5)C mpyr
C mpyr

[ ]
[ ]

4
4

where v[C4mpyr]
+ and F are the molar volume and mole fraction of

[C4mpyr]+, respectively. The molar volume of ions used here
are v[C4mpyr]

+ = 1.59 × 10−4 m3/mol and v[NTf 2]− = 1.44 × 10−4

m3/mol (molar volume = NaVm, where Na is Avogadro’s
constant and Vm is the molecular volume of the cation, 263.4
Å3, or anion, 239.6 Å3). Note that the molar volume of ions at
the interface is assumed to be the same as those in the bulk.
This implies that the effect of electrostriction, which is the
compression of ions at the interface due to a high electrostatic
field, is not taken into account. Further studies are needed to
determine accurately the extent of the electrostriction effect.
One of the determining factors in electrostriction is the
polarizability of ions at the interface. For aqueous electrolytes,
ion polarizability is known to decrease in high electrostatic
fields.59 However, the existence of a similar effect in RTILs is
still unclear.37,60

It is immediately obvious from the χ2 values that there must
be segregation of ions at the surface because case i is a very bad
fit.

The remaining cases all describe the data extremely well, with
low χ2 values. Cases ii−iv all have similar surface excesses,
σ[C4mpyr]

+. Cases ii and iv both have an initial layer of uniform
composition adjacent to the electrode surface, with this initial
layer providing the majority of the surface excess. In case iv, the
parameters controlling the exponential damped cosine wave
have relatively high uncertainty, for points A, B and C. The
wavelength of the cosine term is also smaller than the typical
ion size (you would expect the wavelength to be approximately
the sum of the ion sizes) for points B and C, but is more
physically reasonable for sample A. However, as mentioned
above the oscillatory part provides a relatively small
contribution to the surface excess of cation. In comparison to
cases ii and iv, case iii does not possess the uniform layer
adjacent to the electrode, only the oscillatory part. From
inspection of the wavelength and decay length of the wave it is
obvious that the wavelength has diverged to a physically
unreasonable large value, effectively making the oscillatory part
an exponential decay. This exponential decay has the same
excess as a layer of uniform composition (case ii, but both fits
are of equal quality. It should be noted that attempts were made
to constrain the wavelength of the oscillatory part to the size of
the ion pair, but poor fits were obtained.
In general, these results indicate that the relatively narrow Q-

range of the data limits the sensitivity of NR to detect structural
details on an Angstrom scale, such as alternating layers of ions.
This means we cannot distinguish which of cases ii, iii, or iv is
“correct”. Nevertheless, the NR data still provides us with solid
information on the excess amount of ions at the interface and
the overall interfacial thickness (t). Indeed, the decay length for
case iii (which is effectively an exponential) is reasonably
similar to the thickness of the uniform layer in case ii. From this
point on the discussion will use values obtained from scenario
ii.
Table 2 shows that σ[C4mpyr]

+ decreases as the electrode
potential becomes more positive, i.e., from 2.81 × 10−6 mol/m2

(1.69 [C4mpyr]
+ molecules per nm2) at point A to 1.93 × 10−6

mol/m2 (1.16 [C4mpyr]
+ molecules per nm2) at point C.

Surprisingly, there is still a net excess of [C4mpyr]
+ at point C,

where the electrode is positively charged. At point A the
interface is occupied only by [C4mpyr]

+. The average thickness
of this interface (9.0 Å) is similar to the characteristic length of

Table 2. List of Parameters Used to Fit the NR Data in Figure 3 at Points A, B, and C, Using the Volume Fraction Profiles
Created by Eq 1

F t (Å) λ (Å) l (Å) χ2 σ[C4mpyr]+(10
_6 mol.m_2)

A
i 0.5 18.4 0
ii 1.00 ± 0.00 9.0 ± 0.2 2.3 2.81 ± 0.06
iii 1.00 ± 0.00 0 111.4 ± 11.6 10.9 ± 0.7 2.6 2.41 ± 0.06
iv 0.98 ± 0.02 8.8 ± 0.5 16.5 ± 4.4 20.5 ± 1.0 2.2 2.70 ± 0.10
B
i 0.5 5.8 0
ii 0.99 ± 0.03 8.4 ± 0.5 1.5 2.57 ± 0.07
iii 1.00 ± 0.00 0 167.8 ± 31.4 8.2 ± 0.5 1.6 2.29 ± 0.06
iv 0.89 ± 0.06 9.9 ± 1.4 4.9 ± 3.4 19.1 ± 4.8 1.4 2.35 ± 0.15
C
i 0.5 12.4 0
ii 0.63 ± 0.02 24.3 ± 3.3 2.0 1.93 ± 0.08
iii 0.76 ± 0.02 0 199.9 ± 0.2 13.9 ± 1.2 2.0 1.89 ± 0.09
iv 0.61 ± 0.02 27.0 ± 2.5 3.6 ± 4.2 16.9 ± 2.7 1.9 1.83 ± 0.17
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[C4mpyr]+. This suggests that the interface is formed either by
a monolayer of [C4mpyr]+ where the cations are oriented
perpendicularly to the electrode’s surface, or by a stack of
[C4mpyr]+ where the heterocylic ring of [C4mpyr]+ is oriented
parallel to the electrode’s surface in a similar fashion to that
observed for imidazolium-based cations at negatively charged
platinum, silver, or copper electrodes.39−42

At point B (close to the pzc), the interface is still entirely
composed of [C4mpyr]+. However, it is slightly thinner than
that at point A. A thicker interface at point A is expected since
the Helmholtz layer of the interface is supposedly saturated by
cations.37 The thickness of the interface at point B (8.4 ± 0.5
Å) is similar to the thickness of the first layer of [C4mpyr]-
[NTf2] on a gold surface measured by AFM at a comparable
open circuit potential.61 The total thickness of the interface
measured by AFM is ∼38 Å, i.e., almost five times the
interfacial thickness found in our study. There are several
possible explanations for this discrepancy: (i) each layer probed
by AFM does not necessarily correspond to a local excess of
cation or anion. Instead, it could be a self-assembled layer made
of an equal number of cations and anions, as found in the bulk;
(ii) the crystalline phase of the gold electrode used in both
experiments were different. In this study, we used a
polycrystalline gold electrode where the Au(111) was the
dominant orientational plane, whereas the AFM measurement
was conducted on a monocrystalline Au(111) surface; (iii) the
restricted Q range of the measurement means that NR is only
sensitive to the average behavior of the scattering length density
profile from the electrode toward the bulk liquid, where
fluctuations in scattering length density are largest. This means
that the furthest extent of the interface, where the molar
concentrations approach that of the bulk, would not be
detected by NR, but would be by AFM.
At point C, the interface consists of 63% mole fraction of

[C4mpyr]+ and 37% [NTf2]
−, considerably less than at points A

and B. On the other hand the thickness of the uniform layer
(24.3 Å) is larger than that at point A and B. This indicates that
the layer is more diffuse. However, the net excess of [C4mpyr]

+

at the interface at point C is unexpected since an excess of
[NTf2]

− was anticipated in order to balance the positive charge
on the electrode. One of the possible factors which can cause
the excess of cations is the specific (nonelectrostatic)
adsorption of [C4mpyr]+ on the gold electrode. A strong
affinity of cations or anions of RTILs toward solid surfaces has
been previously reported in the literature.62,63 The absence of
any solvating molecules in RTILs leads to strong specific
adsorption because there is no steric barrier preventing ions
from physically or chemically interacting with the electrode’s
surface. In aqueous solutions, the specific adsorption is typically
dominant within approximately 10 kBT (250 mV) from the
pzc.64−66 In RTILs, any changes in the EDL structure caused by
specific adsorption would be significant over a wider range of
potential values due to the absence of (co)solvating media. This
may explain the excess of [C4mpyr]+ at the interface at point C,
which is located ∼1300 mV to the right-hand side of pzc.
A better understanding of the extent of the specific

adsorption effect in RTILs is important. If this effect remains
prominent at high potential fields, the corresponding EDL
structures would be strongly determined not only by long-range
electrostatic forces, but also by relatively short-range effects
originated from the specific affinity of ions toward the
electrode’s surface. It would also be intriguing to find out the
extent to which the specific adsorption effect is reduced by the

presence of cosolvents, such as water, in RTILs. The impact of
specific adsorption on the interfacial structure of pure RTILs
and RTIL−water mixtures is the current focus of our research.
Results of this study will be reported in the near future.

■ CONCLUSIONS
The EDL structure of the RTIL [C4mpyr][NTf2] at a gold-
liquid interface was studied as a function of the applied
electrode potential using NR. The corresponding electro-
chemical window and pzc were determined from the cyclic
voltammogram and differential capacitance curves, respectively.
A series of NR data was collected at three applied potential
values, viz., at a potential more negative than the pzc, close to
the pzc, and at a potential more positive than the pzc. The NR
data were fitted using a space filling model consisting of a layer
of uniform mole fraction of cation adjacent to the electrode,
followed by an exponentially damped cosine wave. Clear, but
subtle differences between all the NR curves were observed.
Although the limited Q range prevented observation of cation/
anion layering, detailed analysis of the fitted reflectivity data
indicate a thin, compact layer almost entirely consisting of
[C4mpyr]

+ at the most negative potentials, with this layer
becoming more diffuse at positive applied potential. As
expected, the excess amount of [C4mpyr]

+ at the interface
decreases as the electrode becomes positive. However, a surface
excess of [C4mpyr]

+ was still found at a positively charged
electrode, which we ascribe to the specific adsorption of
[C4mpyr]

+ at the gold electrode.
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