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Abstract

The interface [BuMelm][Tf2N]/electrode, where [BuMelm][Tf2N] stands for the ionic liquid 1-butyl-
3-methylimidazolium bis(trifluoromethylsulfonyl)imide, was characterized by electrochemical
impedance spectroscopy at different temperatures and for different electrode materials: platinum
(Pt, metallic), glassy carbon (GC, high conductivity), carbon nitride (a-CNx, mean conductivity), and
boron-doped diamond (BDD, semiconducting with a quasimetallic character). For Pt, GC, and a-
CNXx, the behavior of the interface could be described by the same equivalent electrical circuit. In
the case of BDD, a parallel combination of Rsc and Csc was introduced into the circuit to take into
account the potential drop due to the development of a space charge region within the material.
The Mott—Schottky plots have confirmed the polycrystalline semiconductor character of the BDD
material, and the boron concentration estimated is fully consistent with the B amount introduced for
the synthesis. The variations of the double-layer capacitance as a function of potential were found
to be camel shaped for all electrode materials at the highest studied temperature. This is consistent
with the prediction of Kornyshev’s theory as low values of the packing parameter y were estimated
by simulation (lower than 0.33). An increase of the double-layer capacitance is found with the
temperature similarly to most of the results obtained for molten salts.
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1 Introduction

The structure of the double layer of ionic liquids (ILs) contacting different electrode materials has
recently given rise to a huge number of both theoretical (1-18) and experimental works (19-

48). The knowledge of its characteristics, which condition in a dramatic way electron transfer is
obviously of paramount interest in the development of the manifold applications which are listed

in an exhaustive manner in recent reviews (49-54). Among those applications, the knowledge of
the properties and characteristics of the double layer of ILs, and concurrently their wide potential
window within which the material behaves as a quasi ideally polarizable electrode, is of primary
interest in the use of ILs in supercapacitors (55, 56). Facing the abundant literature of
experimental works, the theoretical approaches between the three systems, aqueous solutions,
molten salts, and ionic liquids, are totally unbalanced: there are in fact no unambiguously
accepted theories for both molten salts and ILs at the present time that compare with the well-
established Gouy—Chapman-Stern (GCS) theory for aqueous solvents. However, the different
and recent above-mentioned theoretical approaches came to a sufficient degree of refinement so
that a comparison with experimental works is now wholly justified.

Experimental works in this field are mainly based on double-layer capacitance measurements (25-
41) deduced from either electrochemical impedance spectroscopy (EIS) or ac voltammetry and
spectroscopic or surface analysis measurements (SFG, surface Raman, or SERS on Ag, SECM,
STM/AFM) (42-48) occasionally coupled to electrochemical measurements. If one only considers
double-layer capacitance data, there are still debates on the dependence of the capacitance with
potential and with temperature on the role of the substrate (metallic or nonmetallic) and on the role
of an equivalent of the Helmholtz layer in aqueous solvents which obviously cannot be present with
the same characteristics in ILs. This situation is complicated by the fact that for a large number of
ILs, purity, in particular concerning the water amount, can be a critical issue.

According to the literature on experimental works, most of the results from EIS or ac voltammetry
tend to substantiate the bell shape dependence vs potential of the double-layer capacitance in the
case of noble metals. This is namely the case for Au and Pt (25, 48) and also for Au when the
potential is moved in the anodic direction for a system showing hysteresis according to the potential
variations (41). This shape was also found for Bi(100) (32, 33) for the same cation (1-ethyl-3-
methylimidazolium, EtMelm*) and two different anions. Referring to theoretical works, the proposed
explanations are generally based on the concept of the lattice-gas model (1) applicable to these
concentrated solutions, for which the specific nature of the cations, formed of a polar part and an
organic neutral one, is at the origin of potential voids. The void density may be reduced in the
double layer because of the high electric field in this region. Other works show results with camel
shape curves (38, 41), namely for Au, the latter reference corresponding to the case when the
potential is moved in the cathodic direction. The camel shape has been predicted recently for
cations with longer neutral tails, thus liable to increase the number of voids, partly due to the
importance of excluded volume effects. In this case, the packing effect due to the electric field in
the double layer is more pronounced. In a second panel of works, a parabolic curve with a minimum
is observed, but this occurs very often with glassy carbon (GC) electrodes (20, 21, 23, 25, 39,
40). This capacitance vs potential curve was found also for Hg (39), but the minimum of the curve
did not correspond to the potential of zero charge (pzc) determined by the same authors from
electrocapillary measurements. These two potentials are very often assumed as being the same
on solid electrodes. Some works concluded on a quasi independence of the double-layer
capacitance with potential (24, 34).

The existence of an inner (compact) layer not yet clearly identified from theoretical predictions is in
general highlighted by the spectroscopic measurements mentioned above. It corresponds to a
marked change characterized by the exchange of cation and anion adsorption at the electrode/IL
interface through the pzc. SFG measurements carried out with the Pt electrode and EtMelm*cation
(47) allowed the author to conclude that the space charge domain close to the interface could be
envisioned as a single layer as a Helmholtz layer, capacitance measurements not being conclusive.
Restructuring of the surface of single crystals proved by STM (36, 37) around the pzc suggests the
role of a strong adsorption and the possible micelle formation induced by matching sizes at the
molecular scale.



Finally, the effect of temperature on the double-layer capacitance value was studied in very few
works which all concluded to an increase of Cy with temperature (21, 23, 38). This is an opposite
result to the prediction of the GCS theory but in agreement with the existing theories for molten
salts.

In this work, we carried out an EIS study to analyze the behavior of a well-known IL 1-butyl-3-
methylimidazolium bis(trifluoromethanesulfonyl)imide ([BuMelm][Tf,N]) in contact with different
electrode materials, either metallic (Pt) or carbon based with different charge carrier densities
(glassy carbon (GC), carbon nitride (a-CNXx), or boron-doped diamond (BDD)). In the latter case,
the possible influence of a space charge layer within the material, sometimes claimed for a material
such as GC (20), was purposely introduced in well-defined conditions with BDD. Two other carbon
materials were also considered, GC and a-CNx, the latter being also envisaged now under
nanomaterial form as a possible candidate for supercapacitors (57). By doing so we are able to
separate the role of the material and the response of the IL. The a-CNx material was chosen as an
electrode material since it was promoted as a possible substitute for BDD in view of its wide
potential window, high electrochemical reactivity with respect to outer sphere redox systems,
chemical inertness, and ability to be synthesized as pinhole-free thin films (58-63). The influence
of temperature (25-56 °C) was also investigated. In particular, we show that the total impedance
response in the so-called double-layer domain otherwise called ideally polarizable domain can be
analyzed on the basis of a unique equivalent circuit for either metallic (Pt) or different nonmetallic
(carbon) electrodes which in the former case contain a huge number of mobile charge carriers or
in the latter may behave as a semiconductor (BDD) for which a significant part of the potential drop
is located within the material giving rise to a space charge layer.

2 Experimental Conditions
2.1 Electrodes
BDD Elaboration

A BDD layer was synthesized at LCD (CEA Saclay) using the microwave plasma-enhanced
chemical vapor deposition (MPECVD) method according to the protocol described in refs 64, 66,
and 67. The p-Si(100) boron-doped substrate (500 uym thick x 20 cm? in area, resistivity < 0.005 Q
cm) was first seeded by spin-coating using an aqueous slurry of PVA and diamond nanoparticles
(nominal diameter ~5 nm) in water prior to diamond growth. The diamond growing was then
performed using methane diluted in hydrogen (C/H = 0.25%) at a total flow rate of 100 sccm
(standard cubic centimeters per minute), a forward power of 1.8 kW, a system pressure of 35 mbar,
a substrate temperature of 800 °C, and a growth time of 16 h. Trimethyl boron was used as the
boron precursor source with B/C = 8800 ppm. High purity gases were employed, and particularly
the ultra pure H precursor was provided by a hydrogen generator, ensuring ultra low nitrogen
impurity content (<10 ppb). After the plasma had been turned off, samples were cooled to ambient
temperature under hydrogen flow for 2 h. Hydrogen flux was cut after cooling to avoid (or minimize)
diamond oxidation. The growth process resulted in a film thickness of 500 nm with a very high
boron doping concentration ([B] = 3 x 10 at cm=) as calibrated using secondary ion mass
spectrometry (SIMS) (see Figure SI1, Supporting Information).

a-CNx Elaboration

a-CNx films have been elaborated by DC magnetron cathodic sputtering from a graphite target in
the presence of a reactive argon plasma containing nitrogen. The reactor used was an MP 300 S
model from PLASSYS Company. The substrates were 316 L stainless steel sheets (300 um thick,
mass composition %: Fe, 65; Ni, 12.8; Cr, 18.7; Mo, 1.5; Si, 0.5; Mn, 1.5) provided by ARCELOR-
MITTAL Company and used as received without further mechanical polishing. They were first
sonicated in successive dichloromethane, acetone, and ethanol baths, then chemically etched in
H-0; (30%)/H.SO, (95%) mixture (1/2 volume ratio), and finally submitted to an RF (13.56 MHz)
ionic etching (substrate + target) in the reactor. The deposition proceeded during 40 min under 1
Pa total gas pressure (nitrogen partial pressure 0.03 Pa) with Ar and N, flow rates equal to 12.4



and 0.42 sccm, respectively. The power was set to 200 W. These conditions were characterized
earlier to offer the optimal reactivity and potential window in aqueous solution (63).

A glassy carbon plate and platinum sheet were commercially available from Goodfellow.
Electrode Mounting

One square centimeter surface area samples are cut from the different materials (BDD/Si wafer,
aCNx/stainless steel sheet, platinum sheet, or glassy carbon plate) and mounted on a copper self-
adhesive rubber stuck onto a glass plate (1 cm x 5 cm). The ohmic contact between the back side
of the samples and the copper layer was done using eutectic indium—gallium coating. Electrodes
were entirely encapsulated into an epoxy resin (Araldite, Bostik S.A., France) leaving only a bare
material window (surface <1 cm?) and a copper electric contact.

Activation of Electrodes

Before use, electrodes were electrochemically activated in different aqueous electrolytes. BDD was
activated by a train of short cathodic and anodic current pulses (10 mA/cm?#0.1 s) in a cola-based
light soda (without caffeine and sugar) as supporting electrolyte (68, 69). The a-CNx and Pt
electrodes were activated by cyclic voltammetry (CV) at 0.1 V s (10 cycles) between open circuit
potential (OCP) and H, evolution in 0.5 M H,SO,. GC was activated by a train of short cathodic
current pulses (—10 mA/cm2/0.1 s) in 0.5 M H,SO..

2.2 Chemical Reagents

The IL [BuMelm][Tf,N] is commercially available (Solvionic, purity >99.9%). It was used without
further purification and stored in an argon-filled dry glovebox (O. concentration < 0.5 ppm and H,O
concentration < 5 ppm). The water concentration measured by coulometric Karl Fischer titration
was found equal to 30 £ 5 ppm. Potassium ferricyanide, potassium ferrocyanide trihydrate,
potassium chloride (Acros Organics), and silver(l) trifluoromethanesulfonate (Sigma Aldrich) were
reagent grade quality and used without additional purification.

2.3 Electrochemical Measurements

The electrochemical experiments were carried out with a PGSTAT30 (Metrohm-Ecochemie)
potentiostat—galvanostat embodying an impedance module for EIS measurements.

After activation, the improvement of the electrochemical reactivity on the electrodes was checked
with CV (decrease of the peak-to-peak potential difference) and with EIS (decrease of the charge
transfer resistance (65, 66) at OCP) using [Fe(CN)s*] = 10-* M as the redox couple in 0.5 M KCI
aqueous electrolyte. After control, the electrodes were thoroughly rinsed with deionized water and
ethanol.

Experiments in the IL solutions were performed at 25, 38, 50, and 56 °C + 1 °C, the temperature
being controlled with a thermostat. To attain a stabilized OCP, the three electrodes were immersed
into the IL electrolyte more than one hour prior to all measurements. The potential domain analyzed
by EIS was first defined by CV. This voltage range was determined by the electrochemical window
where the anodic and cathodic currents do not exceed 1 pA cm2at 0.1 V s'to avoid the
occurrence of faradic currents. EIS was then performed over a frequency range of 50 kHz—1 Hz
with logarithmic point spacing (50 points) and a 10 mV voltage amplitude. The electrochemical
impedance spectra were recorded from the cathodic to the anodic potential limits in 100 mV steps.

The electrochemical measurements in the IL [BuMelm][Tf.N] were carried out in a commercial
three-electrodes thermostatted Pyrex cell (4-5 mL), inside an argon-filled dry glovebox (oxygen
concentration <0.5 ppm and water concentration <5 ppm). The activated BDD, a-CNx, GC, and Pt
electrodes were used as working electrodes and a platinum mesh as a counter electrode. The
reference electrode was prepared by immersing a silver wire in a 0.01 M Ag(CF;SQ;) solution in
[BuMelm][Tf:N]. The reference solution is placed in a glass liquid junction protection tube with a
fine porosity frit (from Radiometer). The silver wire was electrically connected to a 20 yF capacitor



soldered to a platinum wire immersed in the IL electrolyte. All potentials are reported with respect
to this reference. Under these experimental conditions, the standard potential of the redox system
Fc*/Fc measured at BDD, a-CNx, GC, and Pt electrode was found to be equal to —0.393 + 0.001
V/silver reference electrode at all temperatures which corresponds to +0.580 V/NHE (70).

3 Results and Discussion
3.1 Brief Survey of Circuits So Far Used for Double-Layer Data Treatment

Analysis of the EIS diagrams to describe the capacitance behavior of the electrode/IL interface is
carried out using electrical equivalent circuits (EECs). Depending on the procedure used, the circuit
can be of increasing complexity which is reflected in different circuits compiled from a
nonexhaustive review of the literature (Figure 1). The simpler ones are shown in (A) where the
double-layer capacitance is in series with the electrolyte resistance and where sometimes a low
faradic current (likely ascribable to impurities like water) is considered, leading to a charge transfer
resistance R in parallel to the capacitance (circuit A(b)) or to a constant phase element (CPE)
accounting for a capacitive dispersion (circuit A(c)) (20-23, 25, 32, 37-40). For a mere capacitance
as in A(a), ac voltammetry performed at a single frequency superimposed to a scanned potential
is of course totally justified. This technique was used in references 20, 25, and 37-40 even for CPE
conditions, and EIS was used in the other references. More complex EECs are displayed from B
to F. A rigorous analysis requires using EIS and appropriate nonlinear square fitting procedures,
assuming also a relevant estimate of the error (generally taken as 1% of the modulus over the
whole frequency range by most of the commercially available software) to resolve the different
parameter values. Circuit B used by Pajkossy and Kolb (35) was a reminder of their previous work
on Ptin aqueous solution with only one RWC branch to describe the slow relaxations characteristic
of diffusion/adsorption processes in the compact layer (36). Circuit B was also proposed by Siinor
et al (32) with a single adsorption branch and without resistance for Bi(100) and an IL containing
two anions, SCN-and BF., liable to yield significant adsorption. The treatment given in
reference 34 (circuit C) fulfilled the stringent requirements of EIS analysis. For circuit D used in
references 42 and 47 no details about the EIS procedure and data treatment were given. Ac
voltammetry was used in reference 41 with circuit (E) containing 2 CPEs. Data treatment with circuit
F (28) was done only at OCP with an error of 10%.
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Figure 1. Different electrical equivalent circuits used for treating impedance data from several
electrodef/ionic liquid systems taken from the literature.



3.2 Determination of the Potential Domain by Cyclic Voltammetry

Cyclic voltammograms are reported in Figure Sl2a-b (Supporting Information). The same scales
have been used for BDD and a-CNx (Figure Sl2a, Supporting Information) on one hand and for GC
and Pt (Figure SI2b, Supporting Information) on the other hand, for ease of comparison. Clearly,
the parasitic and capacitive currents are much lower for the first group, as already highlighted by
Benchikh et al. (63) for a-CNx material, while it is widely recognized for BDD. Following the criteria
defined above for the impedance measurements and the capacitance determination, the potential
windows were bounded as follows: BDD (-1.9V, +0.4 V); a-CNx (-1.9V, +0.2V); GC (-1.6 V, +0.2
V); Pt (-0.6 V, +0.6 V). Within these limits, the residual currents were meant to be due to impurities
preexisting in the IL and not to its oxidation/reduction. It can be seen also that for all electrode
materials the capacitance increases with temperature, whereas the potential window is narrowed.

3.3 Impedance Data Analysis

Nyquist plots(-imaginary part /(w) vs R(w) real part) of the impedance Z(w) = R(w) + jl(w) display
for all material conditions quasivertical lines more or less slanted, w being the angular frequency.
A better and more visual representation for such systems is to plot the admittance Y(w) = 1/Z(w).
The admittance of a RC serial arrangement such as that of Figure 1A(a) gives a semicircle
centered on the real axis. Four admittance diagrams corresponding to the different electrode
materials are reported in Figure 2. It can be seen that none of them reproduce a perfect semicircle
shape and that they all show a rather flattened one. The increasing departure from a semicircle is
in the order BDD < a-CNx < Pt < GC. Actually for a-CNx, a small feature in the high-frequency (HF)
range corrupts the normalization procedure, and its diagram shape is in fact close to that of BDD.
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Figure 2. Admittance diagrams normalized by the real part value of the admittance at infinite
frequency (Y(~) = 1/R). (green plus) BDD (T = 50 °C, E = -0.8 V); (black square) a-CNx (T = 56
°C, E =-0.8 V); (blue triangle) Pt (T = 56 °C, E = -0.2 V); (red circle) GC (T =56 °C, E = -0.8 V);
(---) diagram corresponding to Figure 1A(a) EEC.

Among the investigated materials, it can be expected that GC and a-CNx behave as metal
electrodes like Pt; i.e., there is no potential drop inside the electrode. This is true for the a-CNx
films which have been elaborated in this work since the cathodic magnetron sputtering is a low-
energy deposition technique producing mostly C sp? hybridization. Higher-energy deposition
techniques at variance like a filtered cathodic vacuum arc for example produce more C
sp*hybridization where N can substitute to C in CN films and present therefore an n-type
semiconductor character (71). Then for these three electrodes, the EIS response is mainly
determined by the double-layer capacitance.



In agreement with the admittance diagrams of Figure 2, in a first step, a numerical analysis of
experimental EIS spectra quickly showed that none of the different EECs shown in Figure 1, except
F, could represent the data correctly, i.e., approach the reduced standard deviation of 1% imposed
on the impedance modulus even though this value is somehow arbitrary in the absence of the
knowledge of the true random error on the measured values. After proceeding by trial and error,
the EEC depicted in Figure 3 was retained for the four electrodes.
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Figure 3. Equivalent electrical circuit to analyze the EIS data.

The capacitive behavior is assigned to the parallel combination of a capacitance at high
frequency Cur with a series (R.q4, Cir) branch accounting for relaxation effects in the double layer. It
means that the double-layer capacitance would depend on frequency, with a characteristic time
Ta = Ra«Cir. The high-frequency limitis C., and the zero-frequency limit, the so-called double-layer
capacitance Cy, is expressed as: Cy = Cy + Cir. Within the model, Cy accounts for the serial
arrangement of the compact and the diffuse layer capacitances, respectively. In the circuit, R is
added in parallel to account for some parasitic faradic current. In all cases, R: should remain high
to be consistent with the chosen potential window. The CPE element (with the usual definition of
the relevant CPE impedance Ze: = 1/(Q x (jw)*)) was introduced as a minor but necessary
contribution to improve the fit quality. It was checked that the Cy central fitted values with or without
this correcting circuit did not differ by more than 5%.

For the metallic or quasimetallic electrodes (Pt, GC, a-CNx), the R.//C.. part of the circuit
introduced for a semiconducting (SC) electrode to account for a potential drop in the material due
to a space charge region was of course ignored. For all the data analyzed with this circuit, the
reduced standard deviation lay around 0.5%, assuming the precision on the impedance modulus
to be 1%. Figures 4—6 show the variations of Cy4 with potential for Pt, GC, and a-CNx, respectively,
with an uncertainty on C4 around 1%.
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Figure 4. Double-layer capacitance for the [BuMelm][Tf2N]/Pt interface. T = (black square) 56 °C,
(red triangle) 38 °C, (blue diamond) 25 °C.
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Figure 5. Double-layer capacitance for the [BuMelm][Tf2N]/GC interface. T = (black square) 56 °C,
(red triangle) 38 °C, (blue diamond) 25 °C.
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Figure 6. Double-layer capacitance for the [BuMelm][Tf2N]/a-CNx interface. T = (black square) 56
°C, (red triangle) 38 °C, (blue diamond) 25 °C.

For Pt, a maximum of C, is observed at —0.2/-0.3 V, with a magnitude increasing with temperature
from 25 to 56 °C. For GC, a general parabolic shape is observed for the Cy(E) curve. However, a
small hump like an emerging bell shape located around -0.6 V becomes more visible with
increasing temperature. For a-CNx, the Cu(E) curves are finely structured with a well-defined
capacitance peak centered at —0.3 V. In this case, the temperature increase gradually shows an
additional shoulder around —0.7 V. The modulus Q of the CPE element is generally poorly defined
with uncertainties ranging from 20 to 100%. The CPE exponent a varies from 0.5 (Pt at 25 °C; a-
CNx at 25, 38, 56 °C) to 0.7-0.8 (Pt at 38, 56 °C; GC at 25, 38, 56 °C), indicating some change in
the transport of ions, purely diffusional or not. As expected for the potential domain studied, Rtakes
high values between 10° and 10¢ Q cm=2.

From Figures 4, 5, and 6, one can put forward the occurrence of bell shaped Cq(E) curves for the
metallic or quasimetallic electrodes investigated and the chosen IL. It must be emphasized that this
conclusion is more obvious as the temperature is higher. It is also proved that C4 increases with
temperature in agreement with other experimental works and the predictions of theories on molten
salts. There is a possible occurrence of a camel shape for a-CNx at higher temperature. This will
be discussed later.

These results substantiate the predictions in the seminal work of Kornyshev (1) and the subsequent
refinements (2-5) in which the theory of the double layer was treated in the frame of the lattice gas
model where the volume of liquid excluded by ions is taken to be nonzero as it is in the Gouy—
Chapman model for ideally dilute solutions. In particular, the main result of this analytical model is



featured by a bell shape or camel shape of the double-layer capacitance vs potential curve, the
maximum being close to the pzc with a parabolic shape instead of the minimum predicted in the
Gouy—Chapman model. One critical ingredient is a compactness factor “y” defined as the ratio of
the bulk density of ions to the maximum possible density in the double layer. This implies the
presence of voids in the system opening the possibility of increased compactness in the presence
of higher electric fields, i.e., in the double layer. The possibility of a compact (or Helmholtz) layer
and specific adsorption at the interface were not envisaged at the beginning, and a parabolic
decrease of the total capacitance at high overpotentials due to lattice saturation was demonstrated.
The bell-shape situation corresponds to 1/3 <y < 1. For 0 <y < 1/3 a camel shape is predicted, y
~ 0 being the Gouy—Chapman case.

Later on, Fedorov and Kornyshev (5)evidenced by molecular dynamics simulations the
overscreening regime, i.e., when the first layer of counterions (ions of opposite charge to that of
the metal surface) exceeds the charge of the metal surface. Then, there is a second layer of co-
ions followed by several layers of alternating charges until electroneutrality. The double layer is not
thus “one layer thick” (48). The authors of reference 5 confirm the C, « E-'2 dependence for
high E values predicted initially by Kornyshev (1) as resulting from gas-lattice saturation effects. In
addition, for cations and anions of the same size, E.. ~ E,.; otherwise, the potential difference is
larger as the size difference increases. Van der Waals volumes for BuMelm* and Tf,N- (0.266 and
0.248 nm3, respectively (72, 73)) would ensure here this matching condition. It was also shown that
long neutral tails (like alkyl chains for imidazolium) favor camel shape and short tail the bell shape
in particular because excluded volume effects and cation shape asymmetry increase the latent
voids and therefore lower y value (3, 17). For low charges, the cations are either oriented by their
neutral chains or flattened by the polar head (e.g., imidazolium).

The situation is different with the BDD electrode which is a semiconducting material. A space
charge region can develop inside BDD implying a distribution of the potential drop through the
interface. The electrode impedance can now be represented by the complete equivalent circuit
depicted in Figure 3. Two parallel resistance—capacitance circuits are in series representing the
contributions of the semiconductor (SC) capacitance C,. of BDD and that of the double-layer Cy,
respectively. As above, it was found necessary to add a parallel combination of a CPE element Q(a)
with a resistance R,. The SC capacitance Cs is the dominant parameter of the impedance spectra
allowing it to be finely determined at a precision better than 1%. Conversely the double-layer
capacitance Cy, as well as the CPE modulus Q, are known with a precision not better than 10—
30%. Figure 7 shows the variations of Cy4 with potential at temperatures of 25, 50, and 56 °C for
potential scans from negative to positive values. A peak centered at —0.8 V progressively appears
when the temperature increases.
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Figure 7. Double-layer capacitance for the [BuMelm][Tf2N]/BDD interface. T = (black square) 56
°C, (green circle) 50 °C, (red triangle) 25 °C.



For BDD, more information about the interfacial behavior stems from the semiconductor
capacitance C,. Figure 8 shows the variation of C, with potential in the Mott—Schottky (MS)
representation, C,.2(E), for data sets at different temperatures between 25 and 56 °C. At 25 °C, a
straight line is obtained over more than 1 V as expected for a polycrystalline semiconductor. The
slope is negative, in agreement with the p type character owing to the boron doping of diamond. Its
value is 0.019 cm* yF-2 V-'. Considering the relative dielectric constant of diamond (74) taken as a
reference for BDD to be € = 5.7, it yields the doping level to be 1.3 x 102 cm= lower than but close
to the B atomic concentration given in the Experimental section (~3 x 102" cm=2) and visible for the
bulk conditions in Figure SI1 (Supporting Information). However, on the same curve it can be seen
that the B concentration curve starts a slight decrease closer to the interface. In fact, it was shown
earlier (66, 73) that interstitial H during synthesis and at the end of the process may actually form
B—H pairing with substitutional B. This gives rise to a passivation because boron atoms do not play
their role as shallow acceptors, and this corresponds to a lower doping level in the interfacial region.
Another possibility would be the dependence of € on the diamond grain size which is predicted to
decrease for smaller grain sizes, which would increase the estimated doping level (75).
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Figure 8. Mott—Schottky plots (Csc-2 vs E) for the [BuMelm][Tf2N]}/BDD interface. T= (black
square) 56 °C, (green circle) 50 °C, (red triangle) 38 °C, (blue diamond) 25 °C.

A linear extrapolation at C-2 = 0 leads to a very positive value of V, = +3.0 V. Such a high value was
already observed by Kondo et al. for a polycrystalline BDD electrode immersed in a H,SO,solution
and was tentatively explained by the presence of a thin dielectric layer at the diamond surface
(76). When increasing the temperature, MS plots only present partial linear segments keeping the
same slope but shifted more or less with respect to the curve at 25 °C taken as a reference.
Additionally, between —0.6 and —1.1 V, capacitance values present a maximum, which corresponds
to a deep minimum of the MS plots around -0.8 V. In terms of semiconductor electrochemistry,
such a capacitance peak can be assigned to the capacitive contribution C; of surface states
superimposed to that of C... C,; arises from charge relaxation effects in this potential range possibly
attributed to the rearrangement of the compact ionic layer around the pzc.

At very positive potential values with respect to pzc, a compact layer of anions is formed at the
BDD surface, and similarly, at very negative values, a compact layer of cations is created in the
“crowding” conditions of counterions defined by Bazant et al.(2) The disturbed region around pzc
would correspond to the inversion of the composition of the compact layer, from a cation-rich to
anion-rich composition (“overscreening” regime).

The capacitance peak corresponds to a charge variation of AQ, = 0.5—1 uC cm-2, from which one
can deduce a rough estimation of the surface state density as 3—6 x 10'2cm, i.e., less than 1% of
the total electrode surface.



It is important to note that the compact ionic layer can play a double role, as influencing the surface
charge of BDD imposing its band edge position but also as a thin dielectric layer about 1 nm thick.
The latter is equivalent to a capacitance Ciy.: of the order 3-5 yF cm2, in series with the SC
capacitance of BDD. This series arrangement yields the measured capacitance C.(E) and is
responsible for the large positive value of the V, potential. In fact, the flatband potential E, which
corresponds to pzc in the case of a semiconductor as BDD, is located in the transition zone of the
MS plot, around -0.8 V. To get E, from V,, the latter has to be corrected negatively according to
the expression given by De Gryse et al (77).

€N,

. =V -
® ’ 2Cper

=30~-38=~08V

which is verified when taking C.. = 3.5 yF cm2. This calculation is intended to point out the
dramatic effect of the presence of a compact ionic layer on the MS plots. Conversely, the positive
shift of MS plots is a strong indication in favor of the existence of an ionic compact layer in each
potential domain, anodic and cathodic.

The well-defined capacitance peak in the case of the a-CNx electrode can be tentatively compared
to the predictions of the Kornyshev theory about the diffuse layer capacitance established at the
interface between an ionic liquid and an electrode (1). In the case of a-CNx electrode, a comparison
seems feasible if two points are taken into consideration. The first one is to consider that a compact
layer is present at the interface characterized by a capacitance Cy of the order of a few yF cm=2, as
seen previously in the case of the BDD electrode. The second point is a consequence of the first
one; i.e., a potential distribution has to be taken into account at the interface, due to the series
arrangement between the capacitances Cy and Cy: of the compact and diffuse layers. Cy was
assigned a sigmoid profile with different anodic and cathodic plateaus far from the pzc

~Cath ~anod
Cy o — Cy

1 + exp A(E = E, ;)

Cy=Cy +

A'represents the main potential domain where C,varies from the anodic to cathodic
plateaus. E;» marks in the simulation the switching potential between the anodic and cathodic
domains for the different types of cation adsorption. However, it must be emphasized that E;,, does
not necessarily correspond to the pzc.

The diffuse layer capacitance Cq4 was taken from the work of Kornyshev (1)

cosh(u/2) | 2y(sinh(u/2))*
"1 4 2y(sinh(u/2))* \ In[1 + 2y(sinh(u/2))*]

v + R
* 1+ exp(u)

Y= and y; are the anodic and cathodic packing contributions, respectively.

In this formula, u was a reduced potential seen by the diffuse layer considering that the total
potential drop AE referring to the pzc at the interface occurred in the diffuse layer and

¢AE

kyT

W=

In fact, the potential drop across the diffuse layer is only a fraction of the total applied potential due
to the presence of the compact layer. As an approximation, we assumed that the potential drop
was shared between the compact and diffuse layers according to the respective capacitance values
which led to the following definition of u variations




On this basis, it was possible to build the double-layer capacitance curve Cy(E) numerically by
iterative increments of the applied potential dE and extract the different parameters (see
the Supporting Information for the details of the procedure). The first try was done with the data
from the a-CNx electrode at 56 °C which displayed the most obvious existence of a camel shape
curve. This guess was validated by the small y, and y. values consistent with this shape.

This finding led us to apply the same procedure to the other three electrode materials at the highest
temperature where the effects are more visible and also to a-CNx at the lower temperatures.
The C, curves in Figure 9 show that a reasonable agreement is reached in potential domains which
are meant to correspond to the respective pzc’s. The relevant parameter values are reported in
Table 1.
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Figure 9. Simulated (full lines) and experimental (symbols) Cdl values vs potential assuming Cdl
as the sum of a compact (CH) and a diffuse (Cdif) capacitance. CHand Cdif are defined by eqs 2
and 3, respectively. Materials and temperature conditions are indicated in the figures.



Table 1. Fitted Values of the Parameters in Equations 2—4

GCo Cy2ned Cyycath Cyenod — Cy@th | Eapp At Co Cy2ned
UWFem=2 | pFem=2| puFecm=2| pF cm2 V/ref |V Ya Ye UFecm=2 | pF cm
a-CNx a-CNx
56 °C 7.90 5.40 1.10 4.30 -0.81 0.27 0.10 0.10 56 °C 7.90 5.40
38°C 8.00 3.50 2.10 1.40 -0.80 0.16 0.12 0.19 38°C 8.00 3.50
25 °C 10.0 3.15 1.55 1.60 —-0.90 0.15 0.10 0.22 25°C 10.0 3.15
DD DD
56 °C 145 190 108 82 —-0.80 0.10 0.14 0.20 56 °C 145 190
GC GC
56 °C 76.0 38.0 30.2 7.80 —-0.50 0.12 0.11 0.20 56 °C 76.0 38.0

In spite of the unfavorable conditions for quantitative determination of the parameters (too few
capacitance values with respect to the parameters number), general trends can emerge:

- The diffuse layer capacitance is camel shaped (see Figure 10 for the Cy and Cq4 elementary
curves) which is consistent with the fact that y, according to eq 4, is bounded by y. or y. which
means in this case 0.23, lower than the 0.33 value predicted by Kornyshev (1) for C4 to adopt this
shape.

- It must be emphasized that the y, or y. values (about 0.1 and 0.2, respectively) are slightly
depending on the electrode material nature (except for a-CNx at 56 °C) as they are rather
determined by the chemical and structural characteristics of the anions and cations.

- Cyet is systematically lower than C.e¢, which, for cathodic overpotentials, could validate an
adsorption of the cation by the alkyl tail and/or a contribution of the anion due to its smaller size.

- Ei» marking the switch over from Cy2t to Ci2? could correspond to the pzc. It is worth mentioning
that a-CNx and BDD show a close value around -0.8 V, and though the GC value is about -0.5V,
this would indicate that it stems from the common carbon nature of those materials. The switchover
range of the order of A-* does not exceed 0.27 V.

- The increase of C, with temperature is confirmed.
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4 Conclusions

Characterization of the double layer of [BuMelm][Tf.N] ionic liquid has been carried out for four
different types of electrode materials: one metallic (Pt) and three carbon materials having different
conductivity properties, from a highly conductive (GC), mean conductivity (a-CNx), and
semiconducting (BDD) though with a quasi metallic character.

It was found that for those four materials the same equivalent electrical circuit could be used with
a good confidence to account for the experimental results.

- The BDD material only needed the use of a specific additional circuit involving the capacitance of
the space charge within the material: Mott—Schottky plots allowed confirming the p-type SC
characteristics and the doping level which closely corresponded to the boron amount purposely
introduced during the film synthesis.

- The double layer, composed of the serial arrangement of a compact layer (equivalent to the
Helmholtz one in aqueous solvent) and the diffuse layer one, was a true capacitance and not a
CPE, which involves only a single time constant for the reorganization of the double layer,
conversely to the presence of a CPE appearing in some other electrical circuits proposed in the
literature. It was paralleled by a serial arrangement of a resistance and a capacitance allowing for
low-frequency relaxation involving rearrangements in the compact layer.

- A tentative splitting of the double-layer capacitance into the compact and diffuse capacitances
showed that the potential dependence of the latter one displayed a camel shape in agreement with
the prediction of the Kornyshev theory for low values of the packing parameter y.

- This work points out the critical role of the compact layer in determining the observable profile of
the double-layer capacitance in ionic liquids. The electronic characteristics of the electrode material
are not the only determining parameter for the compact layer capacitance values considering the
ranking (BDD > GC > Pt > a-CNx).

- Double-layer capacitances increased with temperature, following a trend similar to what is
observed in molten salts. For ionic liquids, the origin could be the increasing agitation with
temperature weakening several forces able to maintain associations between the ions (Coulombic
forces, Van der Waals forces, H bonding).



Supporting Information

SIMS profile of the BDD electrode; cyclic voltammograms of [BuMelm][Tf,N] on BDD, a-CNx, GC,
and Pt electrodes; procedure used for simulation of the double-layer capacitance. This material is
available free of charge via the Internet at http://pubs.acs.org.

s 1EZ
L
o
=
(73]
+=  1E214
ok
[=
Q
O
e
o 5
=
o
1@] T T T T T T T T T T
a 100 00 300 400 500 Go0
Depth /nm
Figure SI 1. SIMS profile of the BDD electrode
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Figure Sl 2a. Cyclic voltammograms of [BuMelm][Tf2N] on BDD (left) or a-CNx (right) electrodes.
Scan rate 100 mV s
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Figure Sl 2b. Cyclic voltammograms of [BuMelm][Tf2N] on GC (left) or Pt (right) electrodes. Scan
rate 100 mV s



Simulation of the double layer capacitance Ca at an ionic hiquid/electrode interface

Eight parameters are involved 1n the simmlation of the mnterfacial capacitance Ca vs. electrode
potential E, 4 for the diffuse layer, 4 for the compact layer. These are:

Dhffuze layer: Udly (Valf)
Co (WFem™  (Eq3)
3 (Eq4)
% (Eq-4)
Compact layer: Crd WFem™®) (Eq2)

Ci* WFem™  (Eq2)
Eyn  V{/ref) (Eq-2)
i L' (Eq.2)

Their values have to be fixed before beginmng the calculatton They are defined m the fext,
except Udly which represents the mifial value to be given to the potental drop through the
diffuse layer. The capacitance voltage drider (dw/dE) 15 defined by Eq.6 1n the text.
Imitializing the vanables at an arbatrary starfing potential Ex

CroCaro

) - _ & Cin —_ _HOTA0
Ey, Udly, ug=e. Udly'kgT, Cyy. Cypye ( /'f.::TE)u B kT Cyp +C¢m + Can = Cae +C¢r-}

The CglE) curve 1s then constructed step by step incrementing the applhed potential by dE,
caleulating the state 1+1 from the state 1 according to:



E,=E +dE

Uil =Udl, + (/) dE
du _ C—H
{ -:JT.E'].-l {CH +E‘¢}'
Cyn.uh _ C.a:uu:u'
{CH }H-l = CH + > .
l+expA(E, - E,,)
e-Udl
Uy =
kT
Y. =¥,
= +—=
Yin =7, 1+exp(u,)
cosh(u, /2) 2y, (sinhu, / 2))°
{C# }H-]. = Cﬂ - : 2 .
1+ 2y,(sinh(y, / 2)) m[1 + 2y, (sinh(y, / 2)) J
c,C
(€ ==L,
ey, +C,y

The CalE) curve which was bwlt uwsing Mathead 7 software (fom Mathsoft) using thas
procedure was compared to the expenmental one, and the 8 admstable parameters to be
modified up fo obfamn a satsfiing representation of the data to the naked eve.
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