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ABSTRACT 

VOLTAMMETRIC BEHAVIOR AND CAPACITANCE OF NANOSTRUCTURED CARBON 
ELECTRODES IN ROOM TEMPERATURE IONIC LIQUIDS 

 
By 

Kirti Bhardwaj 

Carbon is a unique element. Its uniqueness stems from its ability to bond with itself and 

form stable allotropes with incredibly diverse physical, chemical, electrical, and electrochemical 

properties. These allotropes include single- and poly-crystalline diamond (sp3), diamond-like 

carbon (hybrid sp2/sp3) and graphitic carbon (sp2). Of these, the diamond and diamond-like carbon 

electrodes are the least studied. Owing to their commercial availability, low cost, wide potential 

window, low background current, and chemical stability, these allotropes are used as electrode 

materials in electroanalysis, energy storage technologies, and electrochemical separations. For 

their optimal use, it is critical to understand and control the parameters that affect their 

electrochemical behavior. Over the last three decades, structure-property-function relationships 

for carbon electrodes have been established in traditional aqueous electrolytes. However, this 

knowledge is missing in the novel electrolytes called room temperature ionic liquids (RTILs). 

RTILs are liquid salts solely made of charged cations and anions. They contain no solvent. 

They are finding ever-increasing use as electrolytes due to their excellent properties like wide 

thermal and electrochemical potential window, negligible vapor pressure, and good ionic 

conductivity. Since RTILs are highly charged media without any solvent, their organization at 

electrified interfaces (i.e., charged electrodes) is different from the organization of aqueous and 

organic electrolyte solutions. 

The research described in this dissertation focused on understanding the voltammetric 

properties and capacitance of nanostructured diamond and tetrahedral amorphous carbon thin film 



electrodes in RTILs. Specific issues investigated included how the RTIL organization change with 

the applied potential, RTIL type, the carbon electrode type, and the electrode surface chemistry. 

The physical, chemical, and electronic properties of boron-doped diamond (BDD) and nitrogen-

incorporated tetrahedral amorphous carbon (ta-C:N) thin-film electrodes are discussed, as are the 

properties of glassy carbon that was used for comparison studies. 

Firstly, the effect of RTIL cation size and viscosity on the voltammetric behavior and 

capacitance of BDD was investigated. Next, the BDD surface was chemically modified to vary the 

type and coverage of surface groups (H- vs. O-termination). The surface wettability, as well as the 

voltammetric behavior and capacitance, were studied in two different RTILs and compared with 

the electrode behavior in an aqueous electrolyte solution. Finally, ta-C:N electrodes of varying 

nitrogen content were characterized to define their microstructure (sp2/sp3 content), and the 

voltammetric behavior and capacitance in the two RTILs were studied. 
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Chapter 1 

Introduction 

 

1.1 Carbon Electrodes 

 Carbon atom’s unprecedented ability to bond with itself and form different stable allotropes 

having an incredibly diverse range of physical, chemical, and electrical properties is central to its 

uniqueness. Broadly categorized based on hybridization, carbons are of two kinds: one, of 

graphitic (sp2) nature that forms allotropes such as graphene, carbon nanotubes, glassy carbon 

(GC), and highly-ordered pyrolytic graphite (HOPG) with different atomic arrangements, and two, 

of exclusively sp3-hybridized diamond-form where the carbon atoms are arranged in a tetrahedral 

configuration. Figure 1.1A illustrates the atomic arrangement of the carbon atoms in graphite 

where one carbon atom forms three σ bonds in the x-y plane (bond length: 0.142 nm) with three 

neighboring carbon atoms creating a hexagonal arrangement of atoms in a 2D lamellar structure. 

The fourth valence electron in the 2pz orbital does not participate in σ bonding and remains 

available to form a π bond. The individual sheets (later termed graphene) are separated by 0.35 nm 

in the z-direction and are held together by weak van der Waals forces. The carbon atoms on the 

edges have high activity for adsorption due to the exposed empty 2pz orbitals and readily react 

with atmospheric oxygen to form functional groups such as hydroxyl, carbonyl, carboxylic acid, 

etc. and are termed as the “edge” plane sites. In contrast, the carbon atoms in the x-y plane form 

the “basal” plane and are known to be less active towards adsorption and electron transfer. 

Diamond is a cubic allotrope of carbon, made of sp3-hybridized atoms, bound together by 

σ bonds. It exists in a tetrahedral configuration, packed in a face-centered cubic lattice (Figure 
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1.1B). The σ bonds are responsible for the fundamental properties of diamond. Intrinsically, 

diamond is an insulator with a wide bandgap of 5.47 eV at T = 300 K. However, for use as an 

electrode, diamond can be doped to create a n-type or a p-type diamond with intermediate energy 

levels that lowers the band gap. This modulation of the diamond’s band gap has been discussed in 

detail later in the chapter. In between the purely sp2 and purely sp3 carbon materials, diamond-like 

carbon presents a class of amorphous carbon with tunable sp2/sp3 content (Figure 1.1C).  

Among the various allotropes of carbons, research in this dissertation made use of glassy 

carbon (GC), boron-doped diamond and ta-C:N as a representative of pure sp2, pure sp3, and hybrid 

sp2/sp3carbon, respectively. 

 

 

 

1.1.1 Glassy Carbon (GC) 

GC, also known as vitreous carbon, is an amorphous allotrope of sp2 carbon. It is 

synthesized by controlled pyrolysis of organic polymers usually at temperatures between 1500 to 

2500 °C [1]. It consists of randomly-oriented, disordered, and intertwined ribbon-like structures 

that are 15-70 Å in the lateral dimension with an interplanar spacing of 3.5 nm [2–4], as shown in 

A B C

Figure 1.1. Atomic arrangement in different allotrope of carbon (A) graphite, (B) Diamond, 
and (C) Diamond-like carbon (https://www.dynasil.com/coatings/protect-your-ir-optics-with-
diamond-like-carbon-dlc-coatings/; retrieved on August 5, 2019). 
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Figure 1.2. These ribbon-like structures have pores that are 3.5-100 Å in size [5], [6]. Owing to 

microstructural disorder, GC usually has a high ratio of exposed “edge” plane sites and a relatively 

low density of 1.5 gcm-3. 

 

 

1.1.1.1 GC as an Electrode 

In the field of electrochemistry, GC has been extensively used as an electrode since it was 

first produced in the mid-1960s. Its high conductivity, high-temperature resistance, wide 

availability, and low cost made it to be widely employed for electrochemical applications [8–10]. 

Compared to metals, GC has relatively low background current and a wide potential window [11]. 

Although GC is chemically inert, the sp2 carbon content and the oxygen-containing surface 

functional groups make it vulnerable towards molecular adsorption through empty 2pz π-orbitals 

of the carbon and oxygen atoms. High susceptibility to surface deactivation/fouling due to 

adventitious adsorption necessitates rigorous electrode pre-treatment before any electrochemical 

use. Pre-treatment includes conditioning the electrode surface, microstructure, and chemistry to 

lower the background current and expose the active sites on the surface. One of the easiest methods 

to reveal the new, clean, and active surface sites on a GC surface is to mechanically polish it with 

Figure 1.2. Illustration of microstructure of glassy carbon (GC) [7]. Reprinted by permission 
from Springer Nature: Bioanalytical Reviews. Copyright 2012. 
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alumina powder  [2]. However, as each polishing procedure reveals a new underlying surface with 

potentially different properties, pre-treatment can change the electrochemical activity of the GC 

electrodes [2,5,12–17]. Furthermore, the electrochemical area, which depends on the roughness of 

the electrode surface, can vary with each polishing procedure. Furthermore, the electrical 

conductivity in GC also varies with the temperature of pyrolysis during manufacturing, structural 

disorder, and the density of surface functional groups [11,18].  Thus, GC’s high sensitivity towards 

surface treatment and history leads to variation in its electrochemical activity. Moreover, the π 

orbitals are susceptible to adsorption, microstructural changes at high potentials and relatively 

higher background current among carbon electrodes. 

 

1.1.2 Boron-doped Diamond (BDD) 

Intrinsically, diamonds are insulators with a wide bandgap of 5.47 eV at T = 300 K. 

However, for use as an electrode, diamond can be doped to create a n-type or a p-type diamond 

with intermediate energy levels that lowers the band gap. For n-type diamond, a group V element, 

e.g., nitrogen, can act as a donor thereby creating a donor energy level 1.6 eV below the conduction 

band; and, for p-type doping, a group III element, e.g., boron (from B2H6), acts as an acceptor 

creating an acceptor level 0.36 eV above the valence band [19,20]. Boron atoms with their atomic 

size closer to that of carbon get readily incorporated into the dense crystal lattice of diamond and 

form a stable bond. It is the substitutionally-inserted boron that provides charge carriers to the 

material and electrical conductivity. As such, boron is the choice of dopant for diamond, and 

boron-doped diamond (BDD) the most common diamond-based material for electrochemical 

applications, particularly the highly boron-doped (~1021 cm-3), semi-metallic forms of the material. 
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Chemical vapor deposition (CVD) is the most-commonly used method to produce high-

quality diamonds with tunable and relatively consistent properties. CVD produces diamond under 

metastable conditions, where carbon atoms are added one-by-one to a template to form a 

tetrahedrally-bonded network [21]. The process mainly involves a carbon-containing gas phase, 

typically 0.1 to 5% (v/v), mixed with the background hydrogen gas at temperatures over 2000 K 

giving rise to microwave plasma. A dopant source, for example, diborane (B2H6) for boron doping 

in the case of BDD, is added as required. The gas molecules fragment into highly reactive radicals, 

ions, and electrons which react and diffuse until they hit the substrate surface where they get 

nucleate on the surface and proceed to grow in all dimensions simultaneously. The growth rate is 

non-uniform as certain grains with preferential facets, and orientation grow at a faster rate than 

others. Eventually, the growing crystals coalesce to form a continuous film and start growing 

upwards. The grain size increases with the film thickness, resulting in fewer grain boundaries at 

the surface. Using this technique, polycrystalline BDD can be grown in a wide range of grain sizes 

from ultrananocrystalline and nanocrystalline to microcrystalline. 

In CVD, the atomic hydrogen formed from the breakdown of hydrogen plays several 

critical roles in the growth mechanism: (i) it reacts with the source hydrocarbon species to make 

methyl (CH3̇) radicals that get adsorbed on the substrate surface, (ii) it terminates the ‘surface 

dangling bonds’ of sp3 hybridized carbon to avoid cross-linking and reconstruction to sp2 form, 

and (iii) it etches sp- and sp2-phase at a faster rate than sp3 carbon, thereby removing any graphitic 

carbon clusters, while leaving behind the diamond phase. The substrate used for growing diamond 

strongly influences the quality of diamond grown: its melting point, coefficient of thermal 

expansion, ability to form carbide, as well as the crystal orientation,  affect the growth rate and 

quality [22]. Most commonly used substrates include Si, Mo, W, Ti, and diamond itself. Substrate 
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pre-treatment is another important factor that influences the quality of diamond. The work 

presented in this dissertation uses a nanocrystalline BDD thin-film electrode grown on a Si 

substrate. 

 

1.1.2.1 BDD as an Electrode 

With its low background current due to the lower density of states (DOS) present at the 

Fermi level [23] and wide potential window, BDD makes for an excellent electrode material [24–

29]. These superior properties of BDD stem from the chemical inertness of sp3 bonds on the BDD 

surface that do not support surface redox processes that would otherwise contribute to the 

background current [30–38]. However, these remarkable chemical, physical, and electrochemical 

properties depend significantly on the quality of the grown diamond film. For example, the 

presence of non-diamond sp2 carbon impurities can make the electrode more reactive towards 

oxygen and water, and allow adventitious adsorption of some molecular species resulting in 

surface fouling, thereby reducing the potential window [39]. 

Various factors such as doping level, surface termination, crystal size play a significant 

role in electrochemical behavior of diamond. Controlling the doping level in diamonds allows for 

precise modulation of the density of states (DOS). A boron doping density of at least ~1017 cm-3 is 

required for the minimum number of charge carriers to make the doped diamond conductive [40]. 

While a boron doping density of ~1018cm-3 produces an extrinsic semiconductor with ohmic 

resistance of ~104 Ω, a doping level of  ~1020 cm-3 produces a semi-metal with an ohmic resistance 

of ~10-2 Ω [19,40]. The mechanism of conduction varies with the dopant atomic concentration: 

from valence band conduction observed for low-doped (ca. < 1018 cm-3) diamond to metallic 
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conduction for the heavily-doped (ca. > 1020 cm-3) one, as shown in Figure 1.3. Between these two 

limits, hopping conduction is observed [41,42]. 

 

 

In addition to the boron doping level, surface termination of the BDD electrode is another 

crucial factor which influences its electrochemical properties. When grown via CVD, the diamond 

has a non-polar hydrogen-terminated surface. While the hydrogen-terminated surface is relatively 

stable over months, gradual oxidation of the surface can occur. When it is anodically polarized, 

oxidation occurs at a much faster rate. Oxygen-terminated BDD surface is known to be more stable 

in air and under potential control. Additionally, the hydrophilic nature of the oxygen-terminated 

BDD surface shows higher activity for some electron transfer reactions that require adsorption of 

intermediate chemical species. Several methods, including boiling in acid [43], exposure to oxygen 

plasma [33], photochemical oxidation [44], anodic polarization [45] have been used to make the 

BDD surface oxygen-terminated. Oxygen-termination is reported to add functional groups like C-

OH, C-O-C, and >C=O to the BDD surface [46, 47]. The nature of the surface-termination can be 

ascertained by measuring water contact angles on the BDD surface. While hydrogen-termination 

Figure 1.3. Plot of resistivity (ohm cm) vs. boron concentration (cm-3) of a series of diamond 
films, indicating the difference in the electrical conduction mechanism [41]. Reprinted with 
permission from Elsevier. Copyright 1998. 
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usually results in a hydrophobic surface with a contact angle exceeding 90°, oxygen-termination 

provides a hydrophilic surface with a contact angle ranging from 0 to 65° [48].  

Surface termination is also known to influence the conductivity of the thin-film electrode. 

Since 1989, it has been known that the intrinsic hydrogen-terminated diamond possesses additional 

surface conductivity due to p-type charge carriers present in the accumulation layer [49,50]. 

Initially, it was attributed to doping via the sub-surface hydrogen [48]. Later in 2000, it was found 

that atmospheric adsorbates are also required for the observed surface conductivity through a 

process called surface transfer doping [51]. Due to dissociation of atmospheric CO2 to H3O+ and 

HCO3- , a wetted layer of solvated hydronium ions and corresponding anions is expected to form 

on the electrode surface exposed to air. It is proposed that the chemisorbed hydrogen species lower 

the ionization potential of the diamond surface, while the hydronium/hydrogen adsorbate couple 

provides the potential driving force for the electron transfer from the diamond, thus leaving an 

accumulation of holes at the surface [52]. Also, the differences in the electronegativities of carbon, 

hydrogen, and oxygen atoms result in the formation of localized dipoles can at the surface, which 

can change the affinity of the BDD surface [52]. For example, hydrogen-termination lowers the 

electron affinity of the BDD surface, whereas oxygen-termination results in an increase in the 

electron affinity [53,54]. Furthermore, the surface band structure is also impacted by the surface 

termination. Charge carrier transfer can occur between the bulk BDD and the surface states causing 

surface band bending and a space charge layer that extends hundreds of nanometers into the bulk. 

The method employed for inducing different surface termination most often changes the surface 

states, and, hence, the band structure. The flat band potential (Efb) of hydrogen-terminated 

semiconducting BDD has been reported to fall between 0 to 0.75 V vs. SCE [47, 55], while that it 

lies between 1 to 4 V vs. SCE [47,56] for oxygen-terminated diamond. 
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The electrical and electrochemical heterogeneity of polycrystalline BDD is another 

important consideration for electrode applications. A polycrystalline surface has different crystal 

orientations, which uptake boron at different rates during the growth, producing grains of varying 

conductivity [20,40,57]. Apart from the conductivity, it is also known that the crystal orientations 

itself have different electrochemical properties [58]. For example, [111] crystal face uptakes boron 

10 times readily than [100] faces [57,58]. Various spatial mapping techniques like conducting 

atomic force microscopy (C-AFM) and scanning electrochemical microscopy (SECM) have been 

used to probe the local resistivity and electrochemical activity of BDD surface [59] [60]. Thus, a 

detailed characterization of the BDD electrode is required to establish the structure-

electrochemical property relationship. 

Though BDD exhibits excellent properties for its use as an electrode material, there are a 

few complexities associated with it [61]. Firstly, to grow a good quality diamond, the substrate 

must be pretreated to achieve high nucleation density. Mechanical polishing or sonication with 

small diamond nanoparticles is a commonly employed method. However, this process is time-

consuming, and the quality of pretreatment directly influences the quality of diamond. 

Consequently, this step is often not reproducible. Secondly, diamond needs temperatures in excess 

of 800 °C for growth which severely limits the choice of substrates that can be used to grow 

diamond. The substrate needs to withstand such high temperature with no phase change and should 

be able to form a stable carbide interfacial layer to initiate the growth [62]. Thirdly, the substrate 

needs to have a coefficient of thermal expansion that matches closely with that of diamond to avoid 

build-up of intrinsic stress. Furthermore, the growth time to obtain continuous diamond film is 

often 5-7 hours. 
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1.1.3 Nitrogen-incorporated tetrahedral amorphous carbon (ta-C:N) 

Nitrogen-incorporated tetrahedral carbon (ta-C:N) is an amorphous diamond-like allotrope 

of carbon with a random arrangement of sp2- and sp3-bonded carbon with no long-range order. A 

wide range of this amorphous material can be grown by varying the sp2/sp3 ratio and incorporating 

impurities like hydrogen and nitrogen. Figure 1.4 shows the ternary phase diagram of carbon and 

hydrogen showing the relationship among sp2- and sp3-bonded carbon and hydrogen content for 

diamond-like carbon.  As a hybrid material, ta-C:N boasts of some of the diamond’s superlative 

properties like excellent mechanical strength, high thermal conductivity, low background current 

and anti-fouling nature. The origin of these properties is most likely linked to the high sp3 content 

in the films. One of the main reasons for the growing popularity of ta-C:N electrodes is the ease 

of growing them. Compared to BDD, growing ta-C:N electrodes offers several advantages – it 

doesn’t require any seeding and can be grown at much lower temperatures of 25-100 οC. This 

lower growth temperature opens up the possibility to grow these electrodes on a wide range of 

substrates including non-traditional ones like plastics. 

 

 

 

Figure 1.4. Ternary phase diagram of carbon and hydrogen showing the relationship among 
sp2, sp3 and hydrogen content for diamond-like carbon [86]. Reprinted with permission from 
Elsevier. Copyright 2017. 
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1.2 Room Temperature Ionic Liquids (RTILs) 

Room temperature ionic liquids (RTILs) are highly concentrated (3-7 M) molecular solvents 

that have a melting point below 100 °C. They are stand-alone electrolytes, i.e., they contain no 

dielectric solvent (and therefore, have no solvation sphere) [63–65]. Typically, the RTIL consists 

of a large, asymmetrical organic cation containing a cyclic carbon structure and a long alkyl chain, 

and a weakly coordinated anion that can be a small inorganic halide ion or a larger-sized organic 

ion. The polarizability and asymmetry in the shape and size of cation and anion hinder the 

formation of a stable ionic lattice. These molecular differences give rise to a range of interesting 

properties of RTILs that are not displayed by traditional aqueous or non-aqueous electrolytes. 

RTILs, in general, have large electrochemical potential windows (3 to 6 V), low volatility (zero to 

negligible vapor pressure), moderate conductivity (0.01 to 1.8 Sm-1) and high viscosity (100 to 

1000 mPs). Availability of many constituent cations and anions that can be mixed and matched 

provides a wide functional space to tune the physicochemical properties such as viscosity, 

conductivity, and polarity [66–68]. Thus, a rationally chosen task-specific RTIL can be used to 

drastically improve the functionality and properties of an electrochemical system. These properties 

make RTILs an advantageous solvent for catalysis, sensing, carbon dioxide capture/conversion 

technologies, and electrolytes for energy storage [64, 69–72]. Most of these applications require 

an in-depth understanding of the organization of the RTIL ions at the solid electrode, which 

dictates the structural and dynamic aspects of the electrochemical system. However, these features 

are poorly understood, and this is the main bottleneck in the development and engineering of RTIL-

based technologies. This can be gauged by the fact that there is no model to describe the molecular 

organization of ions at carbon electrodes. Therefore, developing a better understanding of the 

interfaces of RTILs make with different carbon-based electrodes is of utmost importance. 
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1.3 Electrical Double Layer Models 

In an electrochemical system, the electric double layer theory describes the structure of the 

electric interface (electrode-electrolyte solution) [73,74]. The electrical double layer is comprised 

of counter ions and solvent dipoles organized at the electrode surface in response to a change in 

the excess surface charge on the electrode, which is potential-dependent. EDL in aqueous 

electrolytes has been extensively studied for over a century and the descriptive theory is well-

accepted in the electrochemistry community. An overview of the history as well as the current 

understanding of the EDL theory that forms the basis to understand the EDL in RTILs is given 

here. 

The earliest model that describes the EDL near electrodes was given by Helmholtz, who 

introduced the concept of “electrical double layer” in 1853 [75] The model predicts that there is 

one layer of counter ions next to the charged electrode (as shown in Figure 1.5A), arising due to 

the electrostatic attraction from the charges on the electrode surface [75]. This layer strongly 

interacts with the electrode surface electrostatically and is called the compact/Helmholtz layer. 

The Helmholtz double layer model is essentially two oppositely charged layers (±q) separated by 

a distance δ = x, analogous to parallel plates separated by a certain distance, otherwise termed as 

a capacitor with capacitance: 

! = #

$
                                                                     (i) 

where Φ is the potential across the two charged layers. From parallel plate capacitor theory, ! ∝

&

'
. As the double layer theory becomes more sophisticated, the charge is not necessarily linear with 

potential. A more useful measurement includes ‘excess charge’ or ‘differential capacitance’, the 

derivative of surface charge, q with respect to Φ: 
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where / and /0 is the dielectric constant of the electrolyte and free space. This model implies that 

the potential drops linearly within the compact layer of counter ions. Although this simple model 

was a pioneering contribution at the time, it did not explain variations in capacitance with applied 

potential and electrolyte ion concentration. 

In 1910, Louis Georges Gouy suggested that the thermal motion of ions would prevent 

them from making a rigid charged layer. Rather ions form a diffuse layer governed by electrostatic 

potential and the thermal motion of ions. He calculated the three-dimensional diffused distribution 

of ions using the Poisson-Boltzmann equation [73]. The diffuse layer of counter ions had a net 

charge equal and opposite to the electrode charge, and the potential dropped exponentially over 

this extended layer (Figure 1.5B). However, the model was not valid at high potentials due to 

modeling ions as point charges. The model overestimated the capacitance or charge at high 

potentials. Neglecting the finite size of ions resulted in an overestimation of the capacitance as 

there was no physical limit on the number density of ions that can get accommodated at the 

interface. David Leonard Chapman in 1913 provided a mathematical interpretation of the model 

[76]. According to Gouy-Chapman theory, the differential capacitance is given by: 

!) = 123
45466-7-

89
:
&/2

cosh 135@-
289

:                                                   (iii) 

where e is the electron charge, z is the ion valency, k is the Boltzmann constant, T is the absolute 

temperature, and A0 is the potential drop over the diffuse layer. 

Later in the 1920s, Otto Stern combined Helmholtz’s model and the Gouy-Chapman 

diffuse layer model [74]. He divided the EDL into two regions: (i) the innermost layer of oriented 
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solvent molecules and counter balancing electrolyte ions known as the Helmholtz layer, and (ii) 

an outer loosely bound extended diffuse layer of counter-ions as shown in Figure 1.5C. 

Considering the ions’ size, he proposed a physical limit on the density of ions at the interface. 

Thus, a more accurate, rigorous concept could be established mathematically by adding two 

capacitors in series, the Helmholtz layer capacitance (CH) and the diffuse layer capacitance (Cdiff), 

to obtain the double layer capacitance (CDL). This relationship is given as: 

                                    &

BCD
= 	 &

BE
+	 &

BGHII
                                                             (iv)                                            

&

BCD
= .

66-
+ &

(266-3454K-/89)M/4 NOPQ(35@4/289)
                                           (v) 

where x is the plane of closest approach (the distance between electrode surface and closed 

adsorbed ions) and A2 is the local potential at the outer Helmholtz plane. 

While the Gouy-Chapman-Stern (GCS) model successfully explained the EDL in general, 

it failed to explain certain experimental observations concerning local interactions among ions, 

surface, or solvent molecules. It assumed a monolayer of solvent molecules adsorbed at the 

electrode. Later, David C. Grahame recognized the possibility of specific adsorption, and proposed 

a more sophisticated model in 1947 to account for the size of electrolyte ions, solvation effects, 

and specific adsorption of ions at the electrode surface [77]. He further divided the Helmholtz layer 

into two sub-layers: (i) an inner layer consisting of counter-ions with their partially or fully stripped 

solvation shell, and solvent molecules adsorbed at the electrode surface with their dipoles oriented 

towards the electrode charge. A hypothetical plane that goes through the center of the solvent 

molecules and partially stripped counter-ions is known as Inner Helmholtz plane (IHP), (ii) an 

outer Helmholtz plane (OHP) that goes through the center of counter-ions with full solvation shell. 

Outside OHP lies the Gouy-Chapman diffuse layer that extends further into the bulk region. To 
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consider the presence of solvent molecules at the electrode interface instead of treating them as a 

backdrop for the ions presented a significant refinement over the previous model. Also, the exact 

distance of ions away from the electrode surface could be calculated. Later, in 1954, Parsons 

introduced the concept of the plane of closest approach, which tells how close the ions can get to 

the electrode surface with or without the solvation sphere [78]. This concept of the plane of closest 

approach has been the basis for elucidating the mechanism of inner and outer sphere electron-

transfer reactions and has been widely accepted in the electrochemistry community. These EDL 

models discussed so far set the stage for the discussion of EDL in RTILs which comes later in the 

dissertation. 

However, these theories account only for the electrolyte side of the interface. It was 

assumed that the electrode side is not a governing factor in determining the EDL capacitance. This 

assumption is valid for metal electrodes which have infinite charge carriers at the electrode to hold 

the charge, when external potential is applied. As a result, the electronic phase (i.e., density of 

charge carriers) is not a limiting factor. However, this is not the case with carbon electrodes. Unlike 

metals, the charge carrier density carriers in carbon electrodes is limited and determined by the 

doping levels and the conductivity type (i.e., semi-conductor, metal-like or metallic). This implies 

that the charge carriers can be distributed within the solid phase of carbon, instead of being at the 

surface, giving rise to “space charge” layer capacitance which being the smallest one can dominate 

the overall double layer capacitance. Therefore, equation (vi) is usually modified to include the 

space charge layer capacitance (CSC) for non-metal electrodes, as given below: 

                                                        &

BCD
= &

BE
+	 &

BGHII
+	 &

BRS
                                            (vi) 
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Please note that the term “double layer” might or might not be an accurate description of 

two layers of charges (electrical charge on the electrode surface and ionic charge adsorbed on its 

surface), especially in RTILs. The term “double layer” has been frequently used to describe the 

EDL phenomena for historical and conventional reasons. The reader should keep an open mind 

regarding the complexity of EDL in RTILs while encountering the phrase “double layer”. 

 

1.3.1 EDL in Room Temperature Ionic Liquids 

The EDL models discussed so far were developed for dilute aqueous solutions, those in 

which the solvent concentration (pure water = 55.5 M) is much higher than the ion concentration 

(<< 0.1 M). The interactions between ions are negligible due to their screening by the dielectric 

medium/solvent. However, for solvent-free concentrated (3-7 M) electrolytes like RTILs, the 

strong interionic interactions among the cations and anions begin to dominate as there is no solvent 

molecule to act as a dielectric separator among them. Mathematical expressions regarding the EDL 

structure have been proposed. However, they are too complex to be generalizable over a range of 

electrolytes [79,80]. While these theories pertaining to RTILs draw inspiration from the previous 

theories developed for high-temperature molted salts [81], some questions have been raised on 

their inadequacy to ably capture the complex nature of RTILs and the various inter-ionic 

interactions involved. The high concentration in RTILs indicate that the steric effects of finite ion 

size is significant. 

In 2007, an article titled “Double-layer in ionic liquids: paradigm change?” by Alexei 

Kornyshev strongly influenced the research directions in RTILs [82]. The article concluded that 

the EDL in RTILs cannot be described by mean-field theories as it has been done for the aqueous 
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electrolytes. Secondly, it showed that how understanding the structure-property relationships in 

RTILS can contribute toward realization of practical RTIL-based applications. In general, these 

conclusions are still valid. However, the model proposed by Kornyshev has been refined four 

times, the latest efforts were in mid-2019. 

 

 

 

To experimentally measure the C-E profiles, the compact layer needs to be accurately 

accounted. It must be stressed that in most theories, this is an empirical parameter, which describes 

the closest approach of the adsorbed ions, which ultimately determines the electron-transfer 

kinetics [82–84]. However, the exact ratio of contribution of compact and diffuse layer is still 

unknown. Thus, experimental interpretations are incomplete due to inherent limitations of the 

theoretical models involved. There have been wide range of theories. For example, Baldelli and 

coworkers postulated that the EDL is one-ion thick and their model showed that the orientation of 

Figure 1.5. Evolution of electrical double layer model in aqueous electrolytes over time. The 
bottom panel shows proposed organization of ions at the interface and the top panel shows 
corresponding capacitance-potential profile: (A) Helmholtz model, (B) Gouy-Chapman model, 
(C) Gouy-Chapman-Stern model, and (D) Kornyshev model.  
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cations adsorbed at the electrode is potential-dependent [85]. This implies that the contribution of 

compact layer is heightened. On the contrary, Kornyshev argued that the EDL is more than one-

layer thick, and the differential capacitance is sum of the compact and diffuse layers. Shaw and 

Blanchard groups have shown that RTILs exhibit order on the range of 100 µm. To sum up, there 

is a need for new insights to understand the role of compact and diffuse layers, and the 

experimental results should be analyzed independently.  

In 2007, Kornyshev used lattice gas model and proposed an analytical expression 

consisting of terms for local potential and ion distribution. A simple case of symmetric ion size 

was solved. A lattice saturation parameter, T = # of occupied sites / # of total sites, was introduced. 

The lack of solvent was accounted by leaving empty sites in the lattice. The capacitance-potential 

profile given by this theory predicted a bell shape with a maximum capacitance at the point of zero 

charge. However, the model did not consider the short-range interactions among ions. Bazant, 

Storey, and Kornyshev improved this model in 2011 and developed a continuum model with crude 

approximations for inter-ionic interactions [84]. This model considered the volumetric effects of 

ions and explains simple systems well on metal electrodes. The most recent works have started 

considering ion asymmetry as well. Recently, in 2019, Kornyshev and coworkers revisited their 

model and treated the concentrated electrolyte as a dielectric medium using a non-local function 

approach. The model is yet to be validated with experimental data. 

The models discussed so far are largely static i.e., they explain the structure and magnitude 

of capacitance. However, the model to explain the EDL dynamics in RTILs is yet to be developed. 

RTILs are being used for transient electroanalytical techniques as well as the response time of 

sensors and charging-discharging of energy storage device can only be explained by dynamics 

aspects of EDL.  
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It is to be noted that most of these models discussed above considered metal electrodes. 

The electronic properties of the electrodes were not considered. However, in the last decade, the 

literature on the capacitance of carbon electrodes in RTILs has exploded with various C-E profiles 

obtained using various theoretical developments, experimental, and computational investigations. 

Regardless of what the C-E profile is, most of them are not symmetric because the EDL formed at 

the positive potentials relative to the point of zero charge is very different from that at negative 

potentials relative to this value. This is essentially because of the asymmetry in the size and shape 

of the RTIL ions. Since there is no solvent separating the ions, movement of one ion necessarily 

means the movement of many others in the vicinity. Due to innumerable possible combinations of 

component ions of RTILs and electrodes, not one model can be generalized. New continuum 

formulation models obscure non-specific interactions in these complex media to reduce the 

computational costs while maintaining the minimum fidelity. Moreover, theories are only as good 

as the experimental trends they can explain and therein lies the problem. The experimental data 

exist for so many systems and the results are far from consistent. It has been exciting and turbulent 

to work in this field as it is rapidly evolving with new models and their validation on a consistent 

basis. How well we can utilize these excellent materials is predicated on how well we understand 

them at the molecular level. The limited understanding and having no theoretical model to predict 

their electrochemical behavior is currently the major bottleneck for their implementation. Basic 

science to improve our understanding of such technologically-relevant electrolytes to realize 

RTIL-based devices is in order. This dissertation seeks to address these issues in a way that will 

contribute broadly to the RTILs-carbon electrode interfaces with BDD and ta-C:N as particular 

focus. 
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1.4 Dissertation Goals 

The knowledge about the electrical double layer in aqueous electrolytes is well-established. 

However, there is a limited understanding of the electrical double layer capacitance of 

nanostructured carbons in RTILs. This dissertation is focused on addressing this knowledge gap: 

(i) How do the potential-dependent capacitances of structurally-different RTILs in contact 

boron-doped nanocrystalline diamond (BDD) compare? How does the capacitance in 

RTILs compare to the capacitance in aqueous electrolyte solutions? Do the capacitance-

potential profiles for the carbon electrodes match the profiles measured for metal 

electrodes, like Au? Do the experimentally-determined capacitance-potential profiles agree 

with any models that have been put forward? 

(ii) How does the surface chemistry (hydrogen- vs. oxygen- surface termination) of boron-

doped nanocrystalline diamond (BDD) affect the surface wettability and potential-

dependent capacitance in different RTILs? Does surface chemistry affect capacitance in a 

manner similar to that observed in aqueous electrolyte solution?  

(iii) How does the potential-dependent capacitance of a new type of carbon electrode, nitrogen-

incorporated tetrahedral amorphous carbon (ta-C:N) thin films, in RTILs compare with 

what is observed for conducting diamond and glassy carbon electrodes? 

The overarching goal of this research is to advance the understanding of the material 

properties of sp3 (BDD) and hybrid sp3/sp2 (nitrogen-incorporated tetrahedral amorphous carbon, 

ta-C:N) nanostructured carbon electrodes and how these properties influence their electrochemical 

behavior (Figure 1.6). Much of the work is focused on the microstructure, surface chemistry and 

electronic properties of carbon electrodes in an effort to learn how these properties affect the 
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voltammetric behavior and capacitance in RTILs. The research was conducted around four specific 

aims: 

Specific Aim 1: To fully characterize the physical, chemical and electronic properties of different 

nanostructured carbon electrodes: boron-doped diamond (BDD) and nitrogen-incorporated 

tetrahedral amorphous carbon (ta-C:N). 

Specific Aim 2: To establish common electrochemical methods to probe the EDL so as to remove 

the variability in data due to the method employed, data acquisition and work up, and correlate the 

voltammetric behavior and electrode capacitance of the nanostructured electrodes with the type 

and properties of RTILs 

Specific Aim 3: To understand how the surface termination of BDD electrodes affects the surface 

wettability, voltammetric behavior and capacitance in RTILs. 

Specific Aim 4: To determine how the level of nitrogen incorporation ta-C:N thin films affects 

their  physical and chemical properties and electrochemical behavior in different RTILs. 
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Figure 1.6. Schematic illustration of overall research presented in this dissertation. 
Abbreviations – SEM: Scanning Electron Microscopy, EELS: Electron-energy Loss 
Spectroscopy, XPS: X-ray Photoelectron Spectroscopy, HR-TEM: High-resolution 
Transmission Electron Microscopy, FTIR: Fourier-transform Infrared Spectroscopy, TGA: 
Thermogravimetric Analysis.  
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Chapter 2 

Experimental and Methods 

 

The materials and methods described in this chapter gives a general overview of the sample 

and electrode preparation, and operation of and data acquisition on different instruments employed 

throughout the study presented in this dissertation. For the specific details, please refer to the 

description provided in Chapters 3 through 5. 

 

2.1 Materials 

2.1.1 Room Temperature Ionic Liquids (RTILs) 

The ultrapure grade RTILs, 1-butyl-3-methylimidazolium hexafluorophosphate 

[BMIM][PF6] (IL-0011-UP) and 1-hexyl-3-methylimidazolium hexafluorophosphate 

[HMIM][PF6] (IL-0018-UP), were procured from a commercial source, IoLiTec (Ionic Liquids 

Technologies GmbH), Tuscaloosa, AL, ≥ 99.5% purity, water content below 100 ppm). Unless 

otherwise stated, all RTIL samples were mixed with activated charcoal (Sigma-Aldrich) and stirred 

vigorously using a magnetic plate for two days. The samples were then left undisturbed for two 

weeks to allow the charcoal powder to settle at the bottom of a 20-mL glass vial. The RTIL was 

filtered using a 0.2 µm Teflon syringe filter (Whatman) directly into the electrochemical cell to 

avoid any possible contamination during the transfer. Approximately 0.5 mL of RTIL was used 

for each experiment. Prior to any electrochemical test, the RTIL sample in the electrochemical cell 

was heated at 70 °C for 60 minutes while purging with ultrahigh purity Ar (99.999%) at a high 
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flow rate. The Ar gas was passed through drierite desiccants twice before introducing into the dry-

N2 filled glove box (Coy Laboratories). The water content in the RTIL was assessed qualitatively 

by cyclic voltammetry (background current and potential window) and FTIR, and quantitively by 

thermogravimetric analysis (TGA). To remove any dissolved oxygen or carbon dioxide, the RTIL 

was sparged with ultrapure Ar at least 15 minutes before the experiment, and a blanket of Ar was 

maintained over the RTIL during the experiments. All glassware used was washed using 

Alconox/ultrapure water solution and then triply rinsed sequentially with deionized water, 

isopropanol, acetone, and ultrapure water, and finally dried in an oven at 150 °C for at least 12 h 

before use. All preparation and the electrochemical measurements were done in a dry N2 purged 

glove box (Coy Laboratories, Grass Lake, MI). The relative humidity in the glove box was 

maintained at 0.0 % or below the detection limit (0.1%) of a digital hygrometer. 

 

2.1.2 Aqueous Electrolytes 

Ultrapure grade sulfuric acid (99.999%), CAS- 339741, was obtained from Sigma-Aldrich 

and diluted to 0.5 M using deionized water. The ultrapure water was obtained from a Barnstead E-

pure System (Thermo Scientific, USA) filtered through a Milli-Q deionized water purification 

system with a resistivity of >17 MW-cm. 
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2.2 Electrode Preparation 

2.2.1 Glassy Carbon Electrodes 

 The glassy carbon (GC-20, Tokai Ltd.) electrode was sequentially polished with 1.0, 0.3 

and 0.05 µm diameter Micropolish II alumina powder (Buehler) on a micro-cloth PSA (Buehler) 

pad for approximately ten minutes at each step. The alumina powder was mixed with deionized 

water to form a slurry. The polishing was performed manually in an 8-digit shape while applying 

slight pressure on the electrode [1]. The electrode was rinsed with deionized water to remove the 

alumina powder debris and sonicated in isopropanol for ten minutes after each polishing step. 

Finally, the electrode was rinsed with copious amounts of deionized water and ultrasonically 

cleaned for 20 minutes to remove any polishing debris. The electrodes were used immediately for 

the electrochemical measurements. 

 

2.2.2 Boron-Doped Nanocrystalline Diamond (BDD) Thin Film Electrodes 

The boron-doped nanocrystalline diamond (BDD) thin-films were grown on a p-Si (111) 

substrate (Virginia Semiconductor, Inc. Fredricksburg, VA, ~ 0.001 W-cm) by microwave-assisted 

chemical vapor deposition (CVD) using a commercial 1.5 kW reactor (Seki Technotron) [2]. The 

silicon substrate was seeded ultrasonically using nanodiamond particles as Opal seeds suspension 

(Adámas Nanotechnologies Inc., Raleigh, NC) for 30 minutes in a glass beaker. This suspension 

contains aggregates (~30 nm in size) of detonation diamond particles in dimethyl sulfoxide 

(DMSO). The seeded substrate was then rinsed 3x with ultrapure water followed by wick-drying 

with a Kimwipe and drying with a stream of N2 before being placed in the CVD reactor for 

overnight pump-down. The BDD film was grown using methane diluted in hydrogen (C/H = 1%, 
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v/v) at a total gas flow rate of 200 sccm (standard cubic centimeter per minute), a system pressure 

of 35 Torr, an estimated substrate temperature of 825 °C, and a growth time of 5-6 h. Boron doping 

was accomplished by adding 0.1% (v/v) diborane in hydrogen to the source gas, producing a gas-

phase concentration of 10 ppm. After deposition, the methane and diborane flows were stopped, 

and the coated substrate was cooled under a hydrogen plasma for 30 min by slowly reducing the 

power and pressure down to 150 W and 10 Torr. This post-growth cooling step was critical to 

minimize the formation of sp2-bonded carbon at the surface that would result from the desorption 

of surface hydrogen (T> ~ 450 °C) and reconstruction of the surface carbon atoms if the plasma 

were extinguished at the growth temperature. The cooling step in atomic hydrogen is also critical 

for maintaining a hydrogen-terminated surface [3]. The doping level was estimated to be in the 

low 1021 cm-3 range based on Raman spectroscopic and Hall effect measurement data of other 

films deposited under similar conditions [4]. The film thickness was estimated to be 2 to 4 µm 

(growth time 6 h) by the change in weight of the substrate after film deposition and cross-sectional 

SEM micrographs. The electrical resistivity was generally ≤ 0.01 Ω-cm. 

 

2.2.3 Nitrogen-Incorporated Tetrahedral Amorphous Carbon (ta-C:N) Thin Film 

Electrodes 

ta-C:N films were grown on a boron-doped Si (111) (Virginia Semiconductor, 

Fredericksburg, VA; 10-3 Ω-cm) using a laser-arc physical vapor deposition system at the 

Fraunhofer Center for Coatings and Diamond Technologies, MSU. The deposition method is based 

on laser-controlled, high-current cathodic vacuum arc deposition [2,5–8]. A pulsed-laser beam was 

rostered across a rotating high-purity graphite target that serves as the cathode. Each laser pulse 

generates small localized plasma that delivers free charge carriers for the arc discharge. The arc 
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discharge lasts only 125 µs before the laser triggers a new, staggered plasma across the graphite 

cathode. The arc evaporation is associated with the emission of microparticles of carbon 

originating from the graphite drum (i.e., cathode surface) [8], and consists of highly ionized C 

atoms and small ionized carbon atom clusters that are accelerated toward the substrate (grounded 

mode). This process produces hard (30-60 GPa) and dense ta-C films. The substrate-target distance 

was approximately 30 cm. The substrates were rotated during the growth to obtain uniform film 

deposition. The nitrogen-incorporated films were deposited in the presence of N2 gas at a flow rate 

of 10, 30 and 50 sccm, a pulse rate of 350 Hz and a peak arc current of > 100 A. Increased levels 

of nitrogen in the chamber lead to increased nitrogen incorporation into the film and increased 

electrical conductivity [9–11]. The substrate temperature during the deposition was below 100 °C. 

The film growth rate was 2-3 µm/h. 

 

2.2.4 Polycrystalline Gold Thin Film Electrodes 

The planar gold thin-film electrode (1000 Å thick film, E-gun evaporation) was deposited 

on heavily doped p-type Si (100) (LGA Thin Films, Inc., Santa Clara, CA). Any as-grown Au-film 

was pretreated prior to use to oxidatively remove organic surface contaminants by a 5-min 

immersion in a mild piranha solution of 0.5 mol L-1 H2SO4 and 25 wt. % hydrogen peroxide. This 

cleaning solution in a strong oxidant and corrosive. It is dangerous and potentially unstable. It 

should be used with proper safety precautions. The film was then thoroughly rinsed with deionized 

water. This was followed by mounting the film at the bottom of an electrochemical cell with the 

solution contained by a Vitonä. In the cell, the Au surface was pretreated by potential cycling in 

0.5 mol L-1 H2SO4 between -0.3 to 1.2 V (vs. Ag/AgCl) at 0.05 Vs-1 [12]. The cycling was carried 

out until an unchanging voltammogram was observed (~40 cycles). A second pretreatment then 
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followed involving potential cycling in 0.5 mol L-1 KOH from -0.2 to 1.2 V (vs. Ag/AgCl) at a 

scan rate of 0.05 V s-1 (~10 cycles). These electrochemical pretreatments were followed by copious 

rinsing of the electrochemical cell and the mounted electrode with deionized water. The electrode 

surface was then immersed in ultrapure (distilled and stored over activated carbon) isopropanol 

for 20 min as a final cleaning step. 

 As a final cleaning step, all electrodes (GC, BDD, ta-C:N, Au) were soaked in ultrapure 

isopropanol for 20 minutes. This step was usually done with the working electrode mounted onto 

the electrochemical cell. Isopropanol was first triply distilled and stored over activated carbon. 

This step removes any organic contaminant present on the surface of electrode. Post IPA wash, 

the electrodes were fully dried under a stream of N2 gas. 

 

2.2.5 Surface Modification of BDD Electrodes 

Hydrogen microwave plasma treatment was used to produce a low-oxygen BDD surface. 

This was accomplished by microwave plasma treatment using a 200 sccm flow of hydrogen for a 

total of 30 min at 800 W. The films were cooled to below 400 °C by slowly reducing the pressure 

and power over the last 10 min of the treatment. These films are referred to as “H-BDD” in the 

text. A radio frequency (RF) plasma generator (PDC-32G, Harrick Scientific) operating at 18 W 

was used to produce moderate- and high-oxygen BDD surfaces by exposing them to Ar and O2 

plasmas, respectively. The films were placed in the center of the pyrex reaction chamber that was 

connected to an ultrapure gas feed (Ar or O2). The samples were plasma treated under static 

conditions using a pressure of 300 mTorr for 12 minutes. This was achieved by evacuating the 
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chamber and then filling the closed chamber 3x to pressure with the desired gas. These films with 

moderate and low surface oxygen coverage are referred to as “Ar-BDD” and “O-BDD” in the text. 

 

2.3 Instrumentation 

2.3.1 Visible Raman Spectroscopy 

Visible Raman spectroscopy was performed using a Renishaw in Via Reflex Confocal 

Raman microscope equipped with a Nd:YAG laser source. The excitation wavelength was 532 

nm. Spectra were acquired with Wire Interface software using a laser power of 0.4 W at the sample 

and an 1800 lines mm-1 grating. Spectra were acquired at single spots. The typical integration time 

per spectrum was 10 s. The Raman spectrometer was calibrated with a Type IIa single-crystal 

diamond standard (phonon line at 1332-1). The Raman spectra of ta-C:Nx films were fitted using 

Voigt (Gaussian/Lorentzian, 0.8) function peak. 

 

2.3.2 X-ray Diffraction (XRD) Spectroscopy 

The crystallinity of the BDD films was probed using Rigaku Smartlabs diffractometer. X-

rays at 1.540 Å were generated from a rotating 9kV Cu anode source. The spectra were recorded 

at a grazing incidence angle of 0.5° in thin-film parallel beam geometry. 

 

2.3.3 X-ray Photoelectron Spectroscopy (XPS) 

The chemical composition of the BDD films in the near-surface region was determined 

using X-ray photoelectron spectroscopy (XPS). XPS spectra were recorded using a Perkin-Elmer 
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PHI 5400 ESCA system with a high-intensity monochromatic X-ray source (Al Kα). Samples were 

analyzed at a base pressure of 10-9 Torr with a take-off angle of 45 ° using a pass energy of 29.35 

eV. The X-ray power was 350 W, and scans were acquired over a 250 µm2 area. The instrument 

was calibrated using the C1s peak for HOPG (highly ordered pyrolytic graphite) at 284.5 eV as an 

internal reference. The atomic percentage of each element was calculated from the peak areas 

divided by relative sensitivity factors for the PHI 5400 system. Deconvolution of core level spectra 

was accomplished using MultiPAK v.8.2.0. software with the instrument. The spectra were fit to 

a Gaussian-Lorentzian (G/L = 0.8) peak shape after Shirley background correction to calculate the 

atomic ratios of carbon and oxygen. 

 

2.3.4 Scanning Electron Microscopy (SEM) 

The morphology of the BDD films before and after the different plasma treatments was 

studied using scanning electron microscopy (JEOL 7500F, JEOL Ltd. Tokyo, Japan, Center for 

Advanced Microscopy, MSU). The SEM micrographs (secondary electrons) were collected at 

10,000x using a 5.0 kV as accelerating voltage at a working distance of 4.5 mm. 

 

2.3.5 Contact Angle Measurements 

The wettability of the chemically-modified BDD electrodes was investigated by static 

contact angle measurements using a KRÜSS GmbH DSA 100 Drop Shape Analyzer. The contact 

angles were recorded with ultrapure water and the purified RTILs. A 1 µL droplet of purified RTIL 

or water was placed on the BDD film that was positioned atop the glass pedestal using a 15 G 

Hamilton syringe. A photograph of the droplet-electrode surface was captured using a digital 
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camera at about ~12 s after drop placement. The photographs were analyzed using the instrument 

software. The reported contact angle represents an average of five measurements across each 

diamond film – at the center and the four corners of each film. The reported angle is also an average 

of angles at the right- and left-hand side of the photograph. All measurements were made with the 

instrument in a dry room with a relative humidity ≤ 0.1 %. 

 

2.3.6 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis (TGA Q500, TA Instruments) was performed under a dry N2 

atmosphere to estimate the water content. The analysis involved placing a purified drop of the 

RTIL into the instrument’s Pt sample boat that was first dried and cleaned by heating in an 

acetylene gas flame. The RTIL sample was then heated from room temperature to 300 °C at 10 °C 

min-1. A dry N2 gas blanket was maintained over the RTIL during the entire temperature ramp to 

minimize water uptake from the atmosphere. To consider buoyancy effects caused by the change 

in the density of dry N2 as the temperature increased, a blank was run with the empty Pt sample 

boat.  The weight-change vs. temperature data for the RTILs were all corrected using this blank. 

 

2.3.7 Fourier Transform Infrared (FTIR) Spectroscopy 

The impurity and water content of the RTILs were assessed using Fourier transform 

infrared spectroscopy (FTIR) in the transmission mode (Mattson Galaxy, Series 3000). A 500 µL 

drop of the purified RTIL was placed between two potassium bromide salt plates in the N2-filled 

vinyl glove box. The assembly was then quickly transferred through the laboratory atmosphere to 

the N2-purged sample compartment of the FTIR. One hundred scans were co-added at a spectral 
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resolution of 4 cm-1 and background-subtracted. The potassium bromide disks (International 

Crystal Laboratories, Garfield, NJ) were used to collect the background spectra. 

 

2.3.8 High-Resolution Transmission Electron Microscopy (HR-TEM) 

HRTEM images were collected using a field-emission microscope (JEOL-2200FS, Tokyo, 

Japan) operating at 200 kV. A Gatan 1024 x 1024 UltraScan 4000 CCD camera was used to capture 

digital HR-TEM images. 

 

2.3.9 Electron Energy Loss Spectroscopy (EELS) 

Small-spot EELS measurements were made in scanning transmission electron microscopy 

mode (STEM). A Cu grid was used as a substrate. The ta-C:Nx films were grown directly on the 

Formavar (carbon-coated Cu grid), Ted-Pella#01883-F. The grid had holes of ~1µm with of ~4 

µm spacing in between the holes (Figure 2.1). The thin sections of ta-C:N film hanging freely in 

between the voids were used to collect the HR-TEM images. 

 

 Figure 2.1. Schematic representation of Formvar (carbon-coated Cu grid), Ted-Pella#01883-F 
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Multiwalled carbon nanotubes (CNTs) were used as a standard for sp2 carbon. To minimize 

contamination, the measurements were performed at liquid nitrogen temperature. The sp2 content 

was calculated from peak area under π* and σ* excitations with peak center at 285 and 291.1 eV, 

respectively. 

!"# = %&'%	(*∗)
%&'%	(*∗-	.∗)                                                         (i) 

 

2.4 Electrochemical Techniques 

A single-compartment glass cell was used in a three-electrode measurement configuration 

[13]. The working electrode (BDD) was clamped to the bottom of the cell. The backside electrical 

contact was made to the BDD electrode by scratching the conducting p-Si substrate with SiC 800 

grit paper, and then cleaning and coating the area with a layer of carbon from a pencil. This 

procedure produces a good ohmic contact between the working electrode and a copper current 

collector plate. A Viton™ O-ring between the cell and the working electrode defined the exposed 

geometric area of 0.2 cm2. The counter electrode was a high purity platinum wire (0.5 mm diam.) 

sealed in glass, and a large area, spiral silver wire served as the quasi-reference electrode (Ag 

QRE). The potential of the Ag QRE in 0.5 mol L-1 H2SO4 was 130 ± 4 mV vs. Ag/AgCl (3M KCl). 

Approximately 0.5-1 mL of ionic liquid was used for an experiment. Ar gas (99.9999% Praxair 

Inc.) blanketed the RTIL during an experiment with all the electrochemical experiments being 

performed at room temperature in a dry N2-purged vinyl glove box. The relative humidity in the 

glove box was maintained below the detection limit of a hygrometer (0.1 % or 1000 ppm). All 

glassware were washed with detergent and then rinsed sequentially with deionized water, 

isopropanol, acetone, and ultrapure water, and finally, dried in an oven at 150 °C for at least 12 h 
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prior to use. The ultrapure water was obtained by passing house deionized water through a 

Barnstead E-Pure System (ion exchange and activated carbon columns, Thermo Scientific, USA). 

The ultrapure water had an electrical resistivity of > 17 MW-cm. 

 

2.4.1 Cyclic Voltammetry 

Cyclic voltammetry is the most widely used technique for acquiring qualitative information 

about the preliminary experiments and to probe an electrochemical system for the flow of current 

in response to perturbation by external applied potential. Potential is applied to the working 

electrode (with respect to the reference electrode), while the resulting current due to charge transfer 

(Faradaic) or flow of electrolyte ions (non-Faradaic) is monitored as current, i. A typical waveform 

for such potential sweep measurement is shown in Figure 2.2. The potential is swept between E1 

and E2 at a known scan rate (ν), while the current, i, is monitored as a function of potential (or 

time). Upton reaching E2, the potential is swept in the reverse direction (i.e., E2 to E1), often at the 

same scan rate. The current, i, is governed by several factors, including applied potential, surface 

states, and area of working electrode, scan rate, electrolyte media, the roughness of electrode, and 

the type of redox species, if present. 
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Figure 2.2. Illustration of waveform for cyclic voltammetry. The potential is scanned from E1 
to E2 at a scan rate, ν, that gives DC voltammetric current. 
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2.4.2 Electrochemical Impedance Spectroscopy 

Electrochemical impedance spectroscopy (EIS) was performed at different applied DC 

potentials using a single frequency, and the entire frequency spectrum from 0.1 to 105 Hz with 20 

data points collected per decade. A sinusoidal perturbation voltage of 10 mV (rms) was added to 

each negative-to positive-going DC applied potential in 200 mV increments. An equilibration time 

of 200 s was allowed before the acquisition of the impedance data at each potential. The full 

frequency EIS data were analyzed in the Nyquist plane using the CPE-based electrical equivalent 

circuit shown in Figure 2.3. Rs represents bulk electrolyte resistance and any electrode ohmic 

resistance in series with a parallel-connected constant phase element (CPE), Chf is the  high-

frequency capacitance associated with the external electrical leads. As mentioned, the origin of Chf 

is the capacitance that arises from the connecting electrical leads [14]. Chf is usually in the range 

of nF and is potential-independent at the higher frequencies. 

 

 

 

In the Nyquist plot format, a pure capacitor exhibits frequency-independent impedance and 

produces a straight vertical line along the Z´´(imaginary) – Z´ (real) plane in this plot. 

Polycrystalline electrodes are well known to exhibit a capacitance dispersion with frequency due 

to the atomic scale defects (steps, kinks, dislocations) and surface roughness (corrugations, 

>>CPE

Rs

||
Chf

Figure 2.3. The representative electrical equivalent circuit that was used to fit the full-
frequency impedance data. 
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grooves) that lead to inhomogeneities in the current density and a local distribution of response 

time constants [38, 39]. The simplest way to compensate for this inhomogeneity is to use a CPE 

element that accounts for the frequency-dependent capacitance according to:  

                                                            /0123	 = 	 4
5(6.#*8)9                                                               (ii) 

where Q and a are the CPE pre-factor and the exponent, respectively, with a being 1 for an ideal 

capacitor having a phase angle of -90° and less than 1 for a phase angle less than -90° * a., and f 

is the AC frequency (s-1). EIS measures the total impedance response of the system. To separate 

impedance of individual component, one must interpret the impedance data based on behavior of 

appropriate equivalent electrical circuit. At lower frequencies, the capacitor will get charged and 

the current will increase at a decreasing rate, as predicted by the circuit’s time constant. At higher 

frequencies, the capacitor acts as a short and the resistance dominates the system. This inflection 

point is known as “knee frequency”. 

 

2.4.3 Single Frequency Impedance Measurements 

Single-frequency impedance measurements were performed using an AC voltage 

amplitude of 10 mV (rms) added to each negative-to-positive going applied DC potential. Data 

were collected at DC potentials in 50 mV increments. The frequencies used were 600, 200, 100, 

40, 10, 1 and 0.1 Hz. An equilibration time of 5 min was used after each applied DC potential 

before acquiring the impedance data. The imaginary impedance (Z'', ohms) at a fixed AC 

frequency (f, s-1) was converted to capacitance (C) in Farads using the equation (iii): 

																				: = 	 ; 4
<#*8=";                                 (iii) 
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Capacitance values were then divided by the geometric area of the electrode (cm2). Three sets of 

independent measurements were performed with different batches of purified RTILs and different 

diamond electrodes to assess the trend reproducibility. The stability of the electrode surface and 

interfacial organization were confirmed by recording background cyclic voltammograms before 

and after the potential-dependent EIS measurements. 
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Chapter 3 

Potential-Dependent Capacitance of Boron-Doped Nanocrystalline Diamond 
Planar Electrodes in RTILs – Effect of Measurement Method and RTIL Type

 
3.1 Introduction 
 

RTILs are highly concentrated (3-7 M) electrolytes composed of a relatively large organic 

cation and a smaller inorganic anion with a melting point at or below room temperature. 

Importantly, they contain no solvent. In other words, there is no dielectric solvent separating the 

ions from one another or from a charged electrode surface. They possess several practical attributes 

including environmental friendliness (non-volatile, non-toxic), a wide electrochemical window (> 

4 V), moderate to high ionic conductivity (0.01 to 1.8 Sm-1), and excellent electrochemical and 

thermal stability. These properties render RTILs potential replacements for traditional aqueous and 

organic electrolytes in electrosynthesis, energy storage, electrochemical sensing, and catalysis 

applications [1-5]. 

RTILs are more viscous than aqueous or organic electrolyte solutions.  This reduces 

diffusional mass transport rates of soluble redox species and slows the reorganization of ions at 

the electrode interface in response to a potential perturbation. In other words, a central issue with 

using these materials is understanding how the RTIL environment affects capacitance, molecular 

adsorption, and heterogeneous electron-transfer kinetics. The organization of RTIL ions in the 

interfacial region of carbon electrodes as a function of potential is under study, but knowledge is 

not as well-developed as it is for aqueous and organic electrolytes at the same electrodes. The 

potential-dependent organization of RTIL ions at an electrified interface (so-called electric double 

layer) controls the potential drop in the liquid, hence the electric field driving the electron transfer, 



50 
 

and the mass transport of analytes. Understanding the structure-property relationship of these 

liquids at solid electrodes is necessary if these liquids are to be optimally used. 

A common and central aspect of their usage is the structural and dynamic response (i.e., 

capacitance-potential relationships) of electrified interfaces in these media. Since there is no 

dielectric solvent and the ions do not exist as discrete charges, the traditional Gouy-Chapman-

Stern model for the electric double layer might not be appropriate for RTILs. Furthermore, due to 

the high ionic concentration, RTILs are expected to have high charge density at the interface. RTIL 

ions are often highly polarizable, asymmetric in shape, and chemically complex which results in 

several interionic forces, in addition to Coulombic ones, that affect the organization of ionic liquid 

ions: dispersion forces, dipole-dipole interactions, hydrogen bonding, and π stacking forces [3]. 

Borukhov et al. used the mean-field theories to find the distribution of ions and potential 

near a charged surface in a concentrated electrolyte [6]. The model incorporates steric limitations 

on ion packing calculating the maximum possible number density of ions by construction. It 

accounts for Coulombic interactions between the ions and the charged surface but does not 

consider ion-ion correlations arising from short-range Coulombic interactions. Recently, 

Kornyshev extended this model and applied it to understand C-E trends in RTILs [7]. Kornyshev 

model was later supported by Oldham [8] using computer simulations. It considers ion-ion 

correlations and proposes two possibilities: (i) at low electrode charge, interionic interactions are 

strong and cannot be ignored. In this case, the magnitude of the counter charge exceeds that of the 

charge at the electrode surface. To balance this excess charge, another layer of counter ions forms 

in proximity to the first layer. Thus, multiple layers of charge and counter-charge emerge, 

decreasing in charge magnitude as the distance from the electrode surface increases. This is called 

the over-screened regime, and (ii) at high electrode charge, ion-ion correlations become less 
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critical, and the excess charge gets localized in proximity to the electrode surface rather than 

successive layers of ions. The concentrations of ions at the interface reaches maximum allowed by 

steric limitations and the system is said to be in the region of lattice saturation. These behaviors of 

RTILs give either a bell- or a camel- or double-peaked shape for C-E trends. These complex trends 

are in stark contrast to the U-shaped curve predicted by GCS model for dilute electrolytes.  

Most of the experimental work in this field have probed C-E trends by systematically 

modulating the molecular parameters of RTILs and electrode materials and correlating them with 

the C-E trends deduced using DC voltammetry, electrochemical impedance spectroscopy (EIS) 

[9–13], and electrocapillary curves [14–16]. Different spectroscopic and surface analysis 

techniques like sum frequency generation vibrational spectroscopy [17–19], surface enhanced 

Raman spectroscopy [20,21], in-situ Fourier transform infrared absorption spectroscopy [22], in-

situ surface-enhanced infrared adsorption spectroscopy (SEIRAS) [23], etc. have also been used 

to probe the organization of RTIL ions near a charged electrode.  

Metal electrodes like Au and Pt [24–30] exhibit the bell- or camel-shaped C-E curves with 

a defined capacitance maximum at the potential of zero charge. However, carbon electrodes like 

glassy carbon (GC), highly oriented pyrolytic graphite (HOPG), etc. do not follow the Kornyshev 

model. In an extensive work, Ohsaka and coworkers compared platinum, HOPG and GC 

electrodes and pointed out the differences in C-E trends. GC shows U-shape trends 

[16,24,25,30,31] in most systems with some complex trends [28] observed as well. These disparate 

C-E trends (camel-, bell- or U-shaped) for different electrode/electrolyte systems couldn’t be 

convincingly rationalized. Rigorous justification of these seemingly contradictory experimental 

observations remains a challenge due to difficulties in reconciling theoretical studies and 
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experimental data [32]. Even after a decade of research, the structure and dynamics of these 

interfaces are not clear. 

Of interest to our group is understanding the factors that influence the interfacial structure 

and heterogeneous electron-transfer kinetics at nanostructured carbon electrodes in RTILs. Long 

term, the goal is to correlate capacitance, molecular adsorption, and electron-transfer kinetics for 

soluble redox probes in RTILs with the nanostructured carbon electrode microstructure and surface 

chemistry. In this study, the potential-dependent capacitance of boron-doped nanocrystalline 

diamond thin-film electrodes was investigated in two different RTILs: 1-butyl-3-

methylimidazolium hexafluorophosphate, [BMIM][PF6], and 1-hexyl-3-methylimidazolium 

hexafluorophosphate, [HMIM][PF6]. Imidazolium-based RTILs were chosen because of their 

wide use as an electrolyte and the relative stability of ions towards electrochemical decomposition.  

 

3.2 Materials and Methods 

3.2.1. Boron-Doped Diamond Electrodes 

The boron-doped nanocrystalline diamond (BDD) thin-film electrodes were deposited on 

p–Si (111) substrates (Virginia Semiconductor, Inc., Fredricksburg, VA, ~ 0.001 W-cm). 

Deposition was performed by microwave-assisted chemical vapor deposition (CVD) using a 

commercial 1.5 kW reactor (Seki Technotron) [33]. Prior to diamond film growth, the polished 

silicon substrate was first abraded with 100 nm diamond powder suspended in water on a pad. The 

substrate was then rinsed copiously with ultrapure water. The substrate was then ultrasonically 

seeded with nanodiamond particles using an Opal Seed suspension (Adámas Nanotechnologies 

Inc., Raleigh, NC) for 30 min in a glass beaker. This suspension (5 % (wt./v)) consisted of 30 nm 

aggregates of detonation diamond particles dispersed in dimethyl sulfoxide (DMSO). The seeded 
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substrate was then rinsed 3x with ultrapure water in the glass beaker, wicked dry with a Kimwipe 

and fully dried with a stream of N2 before being placed in the CVD reactor for overnight pump 

down. The BDD film was grown using methane diluted in hydrogen (C/H = 1% (v/v)) at a total 

gas flow rate of 200 sccm (standard cubic centimeter per minute), a system pressure of 35 torr, a 

substrate temperature estimated to be 825 °C (disappearing-filament optical pyrometer), and a 

growth time of 5-6 h. Boron doping was accomplished by adding 0.1 % (v/v) diborane in hydrogen 

to the source gas, producing a gas phase boron concentration of 10 ppm. After deposition, the 

methane and diborane flows were stopped, and the sample was cooled under a hydrogen plasma 

for 30 min by slowly reducing the power and pressure down to 150 W and 10 Torr. This post-

growth cooling step is essential for minimizing the formation of sp2-bonded carbon at the surface 

that would result from the desorption of surface hydrogen (T >~ 450°C) and reconstruction of the 

surface carbon atoms if the plasma were extinguished at the growth temperature. The cool-down 

in atomic hydrogen is also critical for maintaining a hydrogen-terminated surface [34].  The doping 

level was estimated to be in the low 1021 cm-3 range based on Raman spectroscopic and Hall effect 

measurement data, as described previously [35]. The film thickness was 3-4 µm as estimated by 

the change in weight of the substrate after film deposition and cross-sectional SEM micrographs. 

 

3.2.2 Gold Electrodes 

The planar gold thin-film electrodes (1000 Å thick film, E-gun evaporation) were deposited 

on heavily doped p-type Si (100) (LGA Thin Films, Inc., Santa Clara, CA). The film was pretreated 

prior to use to oxidatively remove organic surface contaminants by a 5-min immersion in a mild 

piranha solution of 0.5 mol L-1 H2SO4 and 25 wt. % hydrogen peroxide. This cleaning solution in 

a strong oxidant and corrosive. It is dangerous and potentially unstable. It should be used with 
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proper safety precautions. The film was then thoroughly rinsed with deionized water. This was 

followed by mounting the film at the bottom of an electrochemical cell with the solution contained 

by a Vitonä. In the cell, the Au surface was pretreated by potential cycling in 0.5 mol L-1 H2SO4 

between -0.3 to 1.2 V (vs. Ag/AgCl) at 0.05 Vs-1 [36]. The cycling was carried out until an 

unchanging voltammogram was observed (~40 cycles). A second pretreatment then followed that 

involved potential cycling in 0.5 mol L-1 KOH from -0.2 to 1.2 V (vs. Ag/AgCl) at a scan rate of 

0.05 V s-1 (~10 cycles). These electrochemical pretreatments were followed by copious rinsing of 

the electrochemical cell and the mounted electrode with deionized water. The electrode surface 

was then immersed in ultrapure (triply distilled and stored over activated carbon) isopropanol for 

20 min as a final cleaning step.  

 

3.2.3 Chemicals 

The RTILs, 1-butyl-3-methylimidazolium hexafluorophosphate [BMIM][PF6] (IL-0011-

UP) and [HMIM][PF6] (IL-0018-UP), were procured from a commercial source (IoLiTec, 

Tuscaloosa, AL, ³ 99.5 % purity). The RTILs were purified using a protocol described previously 

[37]. Briefly, the as-received RTIL was initially stored over activated carbon (Sigma-Aldrich) for 

5 days with occasional mixing. The RTIL was then filtered using a 0.22 µm Teflon syringe filter 

(Whatman) directly into the electrochemical cell at the time of use and heated to 70 °C for 1 h 

while continuously purging with ultrapure Ar gas (99.9999 %). All processes were performed in a 

dry N2-purged vinyl glove box (Coy Laboratories, Grass Lake, MI). The water content in the RTIL 

was measured before and after this so-called ‘sweeping’ treatment using thermogravimetric 

analysis (Model Q500, TA Instruments) under a dry N2 blanket. The physical properties of the 

RTILs used are given in Table 3.1.
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3.2.4 Electrochemical Measurements  

A single-compartment glass cell was used in a three-electrode measurement configuration 

[38]. The working electrode (BDD) was clamped to the bottom of the cell. The backside electrical 

contact was made to the BDD electrode by scratching the conducting p-Si substrate with SiC 800 

grit paper, and then cleaning and coating the area with a layer of carbon from a pencil. This 

procedure produces a good ohmic contact between the working electrode and a copper current 

collector plate. A Viton™ O-ring between the cell and the working electrode defined the exposed 

geometric area of 0.2 cm2. The counter electrode was a platinum wire (0.5 mm diam.), and a large 

area, spiral silver wire served as the quasi-reference electrode (Ag QRE). The potential of the Ag 

QRE in 0.5 mol L-1 H2SO4 was 130 ± 4 mV vs. Ag/AgCl (3M KCl). Approximately 1 mL of ionic 

liquid was used for an experiment. Ar gas (99.9999% Praxair Inc.) blanketed the RTIL during an 

experiment with all the electrochemical experiments being performed at room temperature in a dry 

N2-purged vinyl glove box. The relative humidity in the glove box was maintained below the 

detection limit of a hygrometer (0.1 % or 1000 ppm). All glassware were washed with detergent 

and then rinsed sequentially with deionized water, isopropanol, acetone, and ultrapure water, and 

finally, dried in an oven at 150 °C for at least 12 h prior to use. The ultrapure water was obtained 

by passing house deionized water through a Barnstead E-Pure System (ion exchange and activated 

carbon columns, Thermo Scientific, USA). The ultrapure water had an electrical resistivity of > 

17 MW-cm. 

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) 

measurements were performed using a computer-controlled electrochemical workstation (Model 

650A, CH Instruments Inc., Austin, TX). Cyclic voltammograms were recorded as a function of 
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the scan rate (0.01-0.5 Vs-1) and the capacitance was calculated from the slope of background 

current vs. scan rate plots according to: 

                                                                   ! = #$%u                                                                                           (i) 

where j (A cm-2) is background current density at a specific potential, Cdl (F cm-2) is interfacial 

capacitance and u (V s-1) is the scan rate. CV was also used to define the potential window to be 

investigated by EIS. A large potential window (~4-6) served as a measure of RTIL purity.  

Electrochemical impedance spectroscopy (EIS) was performed at different applied DC 

potentials using a single frequency, and the entire frequency spectrum from 0.1 to 105 Hz with 20 

data points collected per decade. A sinusoidal perturbation voltage of 10 mV (rms) was added to 

each negative-to positive-going DC applied potential in 200 mV increments. An equilibration time 

of 200 s was allowed before the acquisition of the impedance data at each potential. The full 

frequency EIS data were analyzed in the Nyquist plane using the CPE-based electrical equivalent 

circuit shown in Figure 3.1. Rs represents bulk electrolyte resistance and any electrode ohmic 

resistance in series with a parallel-connected constant phase element (CPE), Chf  is the  high-

frequency capacitance associated with the external electrical leads and Rad is the charge-transfer 

resistance associated with electron exchange between  a specifically adsorbed ion and the charged 

electrode. As mentioned, the origin of Chf is the capacitance that arises from the connecting 

electrical leads [39]. Chf is usually in the range of nF and is potential-independent. 

 

 Figure 3.1. The electrical equivalent circuit used to fit the impedance data in the Nyquist plane. 
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In the Nyquist plot format, a pure capacitor exhibits frequency-independent impedance and 

produces a straight vertical line along the Z´´(imaginary) – Z´ (real) plane in this plot. 

Polycrystalline electrodes are well known to exhibit a capacitance dispersion with frequency due 

to the atomic scale defects (steps, kinks, dislocations) and surface roughness (corrugations, 

grooves) that lead to inhomogeneities in the current density and a local distribution of response 

time constants [38, 39]. The simplest way to compensate for this inhomogeneity is to use a CPE 

element that accounts for the frequency-dependent capacitance according to:  

                                                            &'()*	 = 	 ,
-(/.123)5                                                               (ii) 

where Q and a are the CPE pre-factor and the exponent, respectively, with a being 1 for an ideal 

capacitor having a phase angle of -90° and less than 1 for a phase angle less than -90° * a., and f 

is the AC frequency (s-1). 

 Single-frequency impedance measurements were also performed using an AC voltage 

amplitude of 10 mV (rms) added to each negative-to-positive going applied DC potential. Data 

were collected at DC potentials in 50 mV increments. The frequencies used were 600, 200, 100, 

40, 10, 1 and 0.1 Hz. An equilibration time of 5 min was used after each applied DC potential 

before acquiring the impedance data. The imaginary impedance (Z'', ohms) at a fixed AC 

frequency (f, s-1) was converted to capacitance (C) in Farads using the equation (3): 

																				# = 	 6 ,
71238"6                                 (iii) 

Capacitance values were then divided by the geometric area of the electrode (cm2). Three sets of 

independent measurements were performed with different batches of purified RTILs and different 

diamond electrodes to assess the trend reproducibility. The stability of the electrode surface and 

interfacial organization were confirmed by recording background cyclic voltammograms before 

and after the potential-dependent EIS measurements. 
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3.2.5 Characterization of the BDD Electrodes and Purified RTILs 

The impurity and water content of the RTILs were assessed using Fourier transform 

infrared spectroscopy (FTIR) in the transmission mode (Mattson Galaxy, Series 3000). A 500 µL 

drop of the purified RTIL was placed between two potassium bromide salt plates in the N2-filled 

vinyl glove box. The assembly was then quickly transferred through the laboratory atmosphere to 

the N2-purged sample compartment of the FTIR. One hundred scans were co-added at a spectral 

resolution of 4 cm-1. Thermogravimetric analysis (TGA Q500, TA Instruments) was also 

performed under a dry N2 atmosphere to estimate the water content. The analysis involved placing 

a purified drop of the RTIL into the instrument’s Pt sample boat that was first dried and cleaned 

by heating in a gas flame. The RTIL sample was then heated from room temperature to 300 °C at 

10 °C min-1. A dry N2 gas blanket was maintained over the RTIL during the entire temperature 

ramp to minimize water uptake from the atmosphere. To consider buoyancy effects caused by the 

change in the density of dry N2 as the temperature increased, a blank was run with the empty Pt 

sample boat.  The weight-change vs. temperature data for the RTILs were all corrected using this 

blank.  

 

3.2.6 Statistical Data Analysis 

At least three sets of independent electrochemical measurements were performed with each 

of the purified RTILs using at least three different BDD electrodes, all deposited under identical 

conditions, to assess trend reproducibility. Data are presented as mean ± standard deviation (n ³ 

3). 
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3.3 Results 

3.3.1 Physicochemical Characterization of the RTILs 

A comparison of the chemical structure and physical properties (viscosity, ionic 

conductivity at 25 °C, dielectric constant, density and molar ionic concentration) of the two RTILs, 

[BMIM][PF6] and [HMIM][PF6], are provided in Table 1. [HMIM][PF6] is 2x more viscous than 

[BMIM][PF6] and both are 200-400x more viscous than water. The reported dielectric constant of 

[HMIM][PF6], 8.9, is slightly lower than the value for [BMIM][PF6], 11.4, and 8x lower than the 

dielectric constant for water. The reported ionic conductivity of [BMIM][PF6], 1.92 mS cm-1, is 

2.5x higher than that of [HMIM][PF6], 0.80 mS cm-1, due to the higher mobility of smaller 

[BMIM]+ cation and associated ion pairs. Both RTILs are denser than water. The ionic 

concentrations were calculated from the molar mass and density of the respective RTIL, hence, 

these values only provide approximate ionicity [40]. The presumption in this calculation is that 

there is no ion pairing that would reduce the true ionic concentration. Tokuda et al. however, found 

the true ionicity of several classes of RTILs to be between 50 and 80% of the total ionic 

concentration due to ion pairing effects [40].  
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Table 3.1. Physical properties of [BMIM][PF6] and [HMIM][PF6] at 25°C.

 
Data were provided by the chemical supplier. 

 

 Electrode capacitance measurements in RTILs can be influenced by impurities present, 

such as organic contaminants, halide ion residues from the synthesis and water impurity [32]. TGA 

weight loss vs. temperature profiles for as received, purified/dry, and purified + atmosphere-

exposed [BMIM][PF6] are shown in Figure 3.2A. Similar weight loss profiles were observed for 

[HMIM][PF6] (data not shown). The weight loss is presumed to be due to the volatilization of 

water impurity. There was no weight loss detected for the purified RTIL until a temperature in 

excess of 200 °C. The maximum weight loss measured between 25 and 200 ºC, 0.02 wt.% or 200 

ppm, is near the minimum weight change detectable with the instrument. In contrast, significant 

weight loss was recorded for the as received RTIL starting at 50 °C with a maximum loss of 1.23 

wt.% or 12,300 ppm. Significant weight loss was also observed for the purified RTIL exposed to 

the laboratory air for just ~10 min. The weight change starts at 75 °C and reaches a maximum loss 

of 0.9 wt.% or 9000 ppm. This demonstrates that this particular RTIL incorporates water quite 

quickly. This concentration is slightly lower than the 12,300 ppm concentration seen for as 

received RTIL. The water content measured using the same method for as received [HMIM][PF6] 

decreases from 6000 to 65 ppm after purification. In summary, the water content after purification 

of [BMIM][PF6] and [HMIM][PF6] was 100-200 ppm, as measured by this technique. 
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FTIR absorbance spectra for purified [BMIM][PF6] and [HMIM][PF6] are shown in Figure 

3.2B. As expected, the vibrational modes for the two RTIL cations and anions are similar. The 

peaks between 2800 and 3000 cm-1 are attributed to sp3 aliphatic C-H stretching modes (hexyl, 

butyl and methyl groups). The peaks between 3000 and 3200 cm-1 arise from sp2- bonded aromatic 

C-H stretches in the imidazolium ring. A sharp peak at 1575 cm-1 is due to the C=C stretch of the 

imidazolium ring. Another intense peak at 1169 cm-1 is due to the C-N stretch of the ring nitrogen. 

Finally, the peak at 750 cm-1 is attributed to the anti-symmetric [PF6]- stretching modes of the 

anion [41]. While not the most sensitive method, importantly, the spectra are devoid of a peak 

centered around 3400 cm-1 reflective of the O-H stretch for water impurity. 

 

 

 

 

Not shown is the spectrum for a purified RTIL, [BMIM][PF6], exposed to the laboratory 

atmosphere for ca.10 min. For such a sample, the absorbance spectrum shows the same peaks as 

well as measurable intensity in the 3300-3500 cm-1 region due to the O-H stretch from water 

contamination. 

 

Figure 3.2. (A) Comparison of TGA weight loss (%) vs. temperature profiles for as received 
(blue line), purified (black), and purified [BMIM][PF6] and atmosphere exposed (red) 
[BMIM][PF6]. (B) FTIR absorbance spectra for purified [BMIM][PF6] (solid line) and 
[HMIM][PF6] (dashed line). 
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3.3.2 Electrochemical Potential Window 

Figure 3.3 shows cyclic voltammetric current density vs. potential (j-E) curves for BDD in 

[BMIM][PF6] and [HMIM][PF6]. The curves were recorded at 0.1 V s-1. In this work, a current 

density of 50 µAcm-2 was selected to define the potential window limits for the electrical double 

layer region. A potential window of ca. 6 V is observed for [HMIM][PF6]. Some unknown peak 

anodic current can be observed between 2 and 2.5 V, which may possibly be due to hydrolysis of 

[PF6]- ions [42].  The peak at ca. 1.8 V is attributed to the oxidation of trace water impurities [43] 

Typically in RTILs, the cathodic limit is set by the reduction of the cation and the anodic limit is 

set by the oxidation of the anions [44]. At potentials positive of 3 V in [HMIM][PF6] electrolyte 

ions start decomposing and give rise to high current densities on the order of mA cm-2.  The 

voltammogram for [BMIM][PF6] was recorded over a narrower potential range but a window of ~ 

4 V is evident.  Kroon et al. proposed that the electrochemical breakdown of ionic liquid is more 

complex than an electron-transfer reaction and involves radical-radical coupling and disproportion 

reactions [44].  No peaks for oxygen reduction were detected between 0 to -2 V as the electrolytes 

were purged with pure Ar before the start of an experiment. The shapes of the curves were 

unchanged with repeated cycling. These voltammetric data are consistent with the BDD electrode 

being of good quality and the RTIL being relatively pure and devoid of water. The potential range 

of -1 to 1 V vs. Ag QRE was chosen to probe the EDL or electric-double layer region using 

capacitance measurements. 
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Figure 3.4A and B show cyclic voltammetric j-E curves recorded over a narrower potential 

window from -0.5 to 1.0 V as a function of scan rate (0.01 to 0.5 V s-1) in (A) [HMIM][PF6] and 

(B) [BMIM][PF6], respectively. The curves have the characteristic rectangular shape about the 

zero current line expected for capacitive current. The current density measured at 0.2 V increases 

with scan rate in both [BMIM][PF6] and [HMIM][PF6] from 0.3 to 5.5 µAcm-2 and 0.1 to 3 µA 

cm-2, respectively. Figure 3.4C shows the plots of the current density at 0.2 V versus the scan rate 

for [BMIM][PF6] and [HMIM][PF6] on a log-log scale. The plots are linear (R2 > 0.999) with a 

slope of 0.93 and 0.89 for [BMIM][PF6] and [HMIM][PF6], respectively, which is consistent with 

the current being capacitive at this potential (expected value 1.0). At these scan rates, the RTIL 

ions are able to adjust their counter-balancing excesses in the interfacial region as fast as the excess 

surface charge on the electrode changes with the potential scan rate. The lower slope for 

[HMIM][PF6] results from the increased viscosity. The 0.5 Vs-1 scan rate is probably approaching 

the upper limit of the ions in the more viscous RTIL to adjust in response to the potential change. 

The electrode capacitance at 0.2 V, calculated from the slope of the plots using equation (i), is 10.8 

and 6.0 µFcm-2 for [BMIM][PF6] and [HMIM][PF6], respectively. Figure 3.4D compares the j-E 

curves recorded at 0.1Vs-1 for [BMIM][PF6] (black) and [HMIM][PF6] (red). Clearly, the 

Figure 3.3 Cyclic voltammetric (j-E) curves for a BDD planar electrode in purified 
[HMIM][PF6] (black) and [BMIM][PF6] (red). Scan rate = 0.1 V s-1. 
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background current is lower in the more viscous [HMIM][PF6]. This is due to the slightly lower 

dielectric constant and total ionic concentration of [HMIM][PF6].  

 

 

 

 

3.3.3 Capacitance-Potential Trends in the RTILs 

Figure 3.5A shows an example Nyquist plots of the real (Z´) vs. imaginary (Z´´) 

components of the total impedance (black solid squares) for a BDD electrode in [HMIM][PF6] at 

0.3 V. Experimental data are presented in the frequency range from 0.1 to 105 Hz as is the 

corresponding fit (red solid line) of the experimental data to the equivalent circuit shown in Figure 

3.1. The circuit, representing the working electrode-RTIL interface, consists of a bulk electrolyte 

Figure 3.4. Cyclic voltammetric j vs. E curves recorded as a function of scan rate (0.01 to 0.5 
Vs-1) for a BDD planar electrode in (A) [HMIM][PF6] and (B) [BMIM][PF6]. (C) Plots of log 
j at 0.2 V vs. log u for the same electrode in the two RTILs. (D) Comparison of the cyclic 
voltammetric j vs. E curves for the BDD electrode in the two RTILs at 0.1 Vs-1. 
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solution ohmic resistance and any electrode resistance (RS) in series with a parallel-connected 

double-layer capacitance modeled as a constant phase element (CPE) plus a high-frequency 

capacitance (Chf) and a charge-transfer resistance for contact adsorbed ions on the electrode 

surface. The curve in Figure 3.5A shows a slight tilt from an ideal vertical line (expected for a pure 

capacitor), consistent with the capacitive processes controlling the current flow. This trend is 

commonly seen with a CPE- containing electrical circuit [26,45–47]. The inset in Figure 3.5A 

shows the dispersion of the CPE exponent (a) as a function of applied potential. The value of a 

indicates the ‘ideality’ of the capacitor where a is equal to 1 for a pure capacitor. For the BDD 

electrodes used in this study, a variation in a from 0.93 to 0.97 with a mean of (0.95 ± 0.01) was 

observed. In other words, the BDD electrodes behave in an ideally polarizable manner at these 

potentials in the RTILs. 

Figure 3.5B shows the Bode plots of the total impedance log (|Z|) and log phase angle vs. 

frequency for a BDD planar electrode in [HMIM][PF6]. The data were recorded at 0.3 V. The 

impedance at high frequency (>20 kHz) is dominated by the ohmic resistance of the RTIL, Rs. The 

high frequency element Chf mainly dominates in the frequency region (20-100 kHz frequency 

region). It does not have any significant influence on the CPE values. This capacitance is on the 

order of 1 nFcm-2 and does not correlate with the applied potential. The Chf element  arises from 

the electrical connecting cable capacitance [48]. To verify that Chf does not arise from the ohmic 

contact between the electrode and Cu current collector plate, a control experiment was performed 

by making ohmic contact in two different ways: i) scratching the back (silicon side) of the electrode 

with SiC (silicon carbide paper 800 grit) followed by cleaning with isopropanol and covering with 

graphite, and ii) scratching the back side with the tip of a diamond pen, followed by applying a 

drop of liquid gallium to make ohmic contact. No difference in Chf value was found. For more 
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details on reducing the artifact in impedance measurements, we refer the readers to a study 

performed by Roling and coworkers [49]. 

 

 

 

 

 

 

The lower frequency impedance (100 to 0.1 Hz) is dominated by the CPE element. At these 

frequencies, the modulus slope of is near -0.9, which is also reflected in the a value being close to 

1. At low frequencies, the phase angle is -84.5°, close to -90° characteristics of an ideal capacitor. 

The electrolyte ohmic resistance values for [BMIM][PF6] and [HMIM][PF6] are 2830 ± 94 and 

Figure 3.5. (A) Nyquist plot of the real (Z´) vs. imaginary (Z´´) components of the total 
impedance for BDD in [HMIM][PF6] at 0.3 V. The inset show dependence of a on the potential. 
(B) Representative Bode plot for log |Z| and phase angle vs. log frequency for [HMIM][PF6] at 
0.3 V. (C) Bulk resistance for [BMIM][PF6] (red circles) and [HMIM][PF6] (black squares) as 
a function of potential. (D) Capacitance vs. potential (C-E) profiles for BDD in contact with 
[HMIM][PF6] (black squares) and [BMIM][PF6] (red circles). The C-E profiles were generated 
from EIS data by fitting the full frequency spectrum at each potential. Values are presented as 
mean ± std. dev. for n ≥ 3 measurements with different BDD electrodes in each RTIL. 

 



67 
 

5345 ± 27 W (Fig 3.5C). The Rs values are independent of applied potential as expected. Figure 

3.5D shows C-E curves for a BDD thin-film electrode in [BMIM][PF6] and [HMIM][PF6] 

generated using the full frequency spectrum EIS data. Capacitance values are plotted as mean ± 

standard deviation calculated from three independent sets of measurements with three different 

BDD electrodes. The capacitance for [HMIM][PF6] and [BMIM][PF6] varies minimally over the 

potential range from 5.5 to 7.5 and 8.0 to 10.5 µFcm-2, respectively. These capacitance values are 

consistent with other limited data reported in the literature for boron-doped diamond electrodes: 5 

– 10 µF cm-2 [50]. There is a capacitance minimum in both RTILs (Fig. 3.5C) at -0.750 V with a 

progressive trend of increasing capacitance with increasing positive potential. These values are 

similar to the 6.0 and 10.8 µF cm-2 values determined from the cyclic voltammetric data (Fig. 3.4). 

 

3.3.4 Hysteresis in Capacitance-Potential Trends in the RTILs  

Hysteresis is often observed in capacitance vs. potential data recorded for electrodes in 

ionic liquids. This means that the capacitance values measured as a function of potential in one 

direction are different from the values measured at the same potentials in the reverse direction 

[23,51–53]. Capacitance hysteresis effects in RTILs are often observed when AC methods are used 

and could originate from (i) potential-dependent changes in the electrode surface chemistry or 

microstructure and (ii) slow relaxation processes in the viscous RTIL dominating below 10 Hz 

[54]. On the other hand, minimal capacitance hysteresis has been reported by Lucio et al. for 

[BMIM][BF4] in contact with polycrystalline Au [55] and [BMIM][PF6] in contact with 

polycrystalline BDD electrodes [56]. Given the excellent microstructural and surface chemical 

stability of BDD electrodes, we anticipated minimal hysteresis in the C-E curves. Example C-E 

data for BDD in [HMIM][PF6] with two directions of changed applied potential are shown in 
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Figure 3.6A. The capacitance ranges from 4-7 µF cm-2 over the potential range with little 

hysteresis. This is typical of most measurements made with the BDD planar electrodes in this work 

that were deposited in the high 1020 to low 1021 cm-3 dopant range. For these measurements, a well-

defined minimum at ca. -0.75 V was not observed (see Fig. 3.5C). Figure 3.6B shows cyclic 

voltammetric (j vs. E) curves recorded at the BDD electrode before and after the impedance data 

collection. The overlapping curves reflect the stability of the diamond electrode microstructure 

and surface chemistry at these potentials and over this measurement time scale which was 5 – 8 h. 

 

 

 

 

3.3.5 Single Frequency Capacitance Measurements  

The time scale of RTIL ion reorganization at the electrode-solution interface in response 

to a potential perturbation is important to know when making capacitance measurements at a single 

frequency. The slow response time of ions in the viscous RTILs can affect (underestimate) the true 

capacitance [57]. A series of C-E measurements were made at different single AC frequencies to 

learn more about the response time. Figure 3.7A shows that the measured capacitance at all 

potentials strongly depends on the AC frequency. The measured capacitance increases with 

Figure 3.6. Capacitance vs. potential (C-E) data for a BDD planar electrode recorded in 
[HMIM][PF6]. Capacitance values were determined from the full spectrum EIS data recorded 
from negative to positive potentials in the forward direction (black squares), and from positive 
to negative potentials in the reverse direction (red circles). 
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decreasing AC frequency, as expected (see Equation (iii)). At low frequencies (<10 Hz), the 

capacitance takes on a U-shape and shows some variation at different potentials.  At the highest 

frequencies (200 and 600 Hz), the measured capacitance is quite low, 1-2 µFcm-2. At intermediate 

frequencies (10 and 100 Hz), the capacitance is 3-4 µFcm-2 and largely independent of the 

potential. Only at the lowest frequencies (0.1 and 1 Hz), does the capacitance show some variation 

with electrode potential. The maximum capacitance observed at 0.9 and 1 V vs. Ag QRE using 0.1 

Hz is 34 and 50 µF cm-2, respectively. The capacitance minimum (-0.5 V vs. Ag QRE) is close to 

the minimum observed in the C-E plots generated from EIS data (Fig. 3.5C).  Figure 3.7B shows 

the capacitance measured at -0.5 V vs. Ag QRE as a function of log frequency. A pseudo-linear 

trend (R2 = 0.75) is seen with the capacitance decreasing with increasing frequency. The 

capacitance decreases from 6.0 to 1.2 µFcm-2 as the measurement frequency is increased from 0.1 

to 600 Hz. 

 

 

 

 

 

 

Figure 3.7. (A) Log capacitance-potential curves generated from the single frequency 
impedance technique for BDD in [HMIM][PF6] as a function of a fixed AC frequency. The 
arrow indicates increasing frequency from 0.1 to 600 Hz. (B) Capacitance at -0.5 V as a function 
of log frequency. (R2 = 0.75). Values are reported as mean ± std. dev. for n ≥ 3 measurements 
with different BDD electrodes. 
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3.3.6 Shapes of the Capacitance-Potential Curves 

Bell- or camel-shape capacitance-potential curves are generally observed for metal 

electrodes in contact with RTILs, as predicted by the theory put forward by Kornyshev et al. [7]. 

Parabolic or U-shape curves were observed for all the BDD electrodes used in this work. A similar 

curve shape has been reported for other BDD and  carbon electrodes [18,24,25,31,50,59]. Figure 

3.8A compares CVs recorded at 0.1 Vs-1 for BDD and Au planar film electrodes in [HMIM][PF6] 

The capacitance at 0.2 V calculated from voltammetric current for Au as a function of scan rate 

(0.01 to 0.5 Vs-1) using Equation 1 is 21 µFcm-2 with R2 = 0.995.  The background current for Au 

is ~ 5x higher than for BDD at all potentials. The reason for this is that BDD has a lower density 

of electronic states than does the metal and this leads to a lower excess surface charge density at 

all potential.   

 

 
 

 

 

Figure 3.8B shows C-E trends for the two electrodes in the same RTIL. The capacitance of 

BDD is 4-7x lower than the capacitance of Au depending on the potential. Capacitance values for 

Figure 3.8. A. Comparison of the cyclic voltammetric j vs. E curves recoded at 0.1 Vs-1 for 
BDD (black inner curve) and Au (red outer curve) in [HMIM][PF6]. (B) Capacitance-potential 
curves for Au film and BDD electrode in contact with [HMIM][PF6]. The capacitance values 
were determined from the full frequency spectrum EIS data. Values are reported as mean ± std. 
dev. for n ≥ 3 measurements with different BDD electrodes. 
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BDD in H2SO4 (ca. 5-12 µF cm-2) are also 3-6x lower than values for a metal electrode, like Au. 

A capacitance maximum of 32.5 µF cm-2 is seen for Au at 0.3 V. In contrast, the capacitance for 

BDD shows a minimum around -0.7 V and a slight increase with increasing positive potential. The 

reproducibility of C-E data for BDD and Au was quite high given the small error bars.  

 

3.4 Discussion 

 The goals of the work reported on herein were two-fold: (i) investigating how a change in 

the RTIL cation type and viscosity affect the potential-dependent capacitance of low-oxygen, 

boron-doped diamond electrodes and (ii) understanding how the method used affects the measured 

capacitance in the solvent-less ionic liquids. The diamond films were heavily boron doped (low 

1021 cm-3 range), so the electrodes are semi-metallic in their electronic properties. Generally 

speaking, there is limited data available in the literature regarding the behavior of conducting 

diamond and diamond-like carbon electrodes in RTILs. There are two reports on the capacitance 

of BDD in RTILs in the literature [30,50]. Lucio et al., for example, observed increasing 

capacitance from 3.9 to 6.4 µFcm-2 over a potential range -1.18 to 0.82 V vs. Fc/Fc+ in 

[BMIM][BF4].  Our capacitance data match well with data in these two studies.  

The capacitance values for the BDD electrodes used herein ranged from 4-10 µF cm-2 at 

potentials between -1 and 1 V vs. Ag QRE. The capacitance at all potentials was higher in 

[BMIM][PF6] than in [HMIM][PF6]. This is due to (i) the higher ionic concentration and lower 

viscosity and (ii) the smaller size of the organic cation and presumably the ion pair size in 

[BMIM][PF6]. The latter leads to a counterbalancing charge layer on the ionic liquid side of the 

interface that is positioned closer to the electrode surface. The capacitance data for the electrodes 

in the two RTILs are similar to values recorded in 0.5 mol L-1 H2SO4. This is expected as the 
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dielectric constant of these two RTILs is ca. 10x lower than water, but the ionic concentration is 

5-10x higher than the aqueous electrolyte. Finally, little hysteresis was observed in the 

capacitance-potential data when making measurements from negative to positive potentials and 

then in the reverse direction. This observation confirms the stability of the diamond electrode 

microstructure and surface chemistry over the potential range probed. In other words, BDD 

behaves as an ideally polarizable electrode in RTILs over the narrow potential range from -1 to 1 

V vs. Ag QRE.  

 Water is an adventitious impurity in RTILs that will increase the capacitance of electrodes 

due to an increase in the dielectric constant of the medium, less ion pairing and increased interfacial 

distribution of ions at the electrode as a function of the potential [60]. Water impurity will also 

increase the voltammetric background current, reduce the working potential window and give rise 

to an oxidation peak near 2 V vs. Ag QRE [61]. The RTILs used in this study had an estimated 

water content in the 60-200 ppm range. Anaredy et al. have shown that water content in the range 

of 100-4000 ppm level has potential-dependent minimum influence on DC voltammetric and 

capacitive current [43]. It is concluded that the results presented herein are largely not influenced 

by water contamination. 

 The results presented herein indicate that the capacitance values for BDD electrodes in 

RTILs depends on the measurement method used. Lucio et al. first reported this same observation 

in their work with BDD electrodes [56]. The most accurate method for measuring the capacitance 

of BDD electrodes is by recording the full frequency EIS data and then fitting the data to an 

appropriate equivalent circuit. The equivalent circuit used can be a simple Randle’s type circuit 

with the capacitor replaced with a constant phase element (CPE). If such an equivalent circuit is 

used, the experimental data fit the simulated data at all frequencies except very high frequencies 
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where the capacitance of leads and connecting wires can have an influence in RTILs. The C-E 

profiles constructed using single-frequency impedance data produce qualitatively similar curves. 

However, the magnitude of capacitance varies with the frequency. Care must be taken to make the 

measurement using an AC frequency at which the RTIL ions can adjust themselves in the 

interfacial region as fast as the potential change is occurring. These slow processes are considered 

a general feature of RTILs [57]. 

 A final point that should be discussed is the shape differences of the C-E curves for BDD 

and Au electrodes. Au electrodes exhibit a capacitance maximum at 0.3 V vs. Ag QRE with 

decreasing values at potentials positive and negative of the maximum. This shape is expected for 

by the Kornyshev theory [7,62,63]. Our results are consistent with the reported data in the literature 

[28,64]. In contrast, a U-shape C-E profile is seen for BDD with a defined minimum within -0.50 

to -0.75 V vs. Ag QRE, depending on the RTIL. 

Ions in RTILs are generally large and flexible, highly polarizable and chemically complex. 

Dispersion forces, dipole-dipole interactions, hydrogen bonding and p-p stacking can affect the 

structuring of RTILs at electrified interfaces in addition to Coulombic forces. RTILs are 

compressible. Given the total high ionic concentration (4 to 7 M) of RTILs as compared to aqueous 

or organic electrolytes (e.g. 0.1 M), lack of a molecular solvent to shield inter-ionic and electrode-

ionic interactions, various non-Coulombic forces (hydrogen bonding, dispersive forces etc.) and 

large size of ions with asymmetry in size and shape, the classical Gouy-Chapman-Stern theory 

should not be applicable. However, various reports in the literature suggest similar behavior of 

RTILs and dilute aqueous electrolytes [18,24,25,29,50,65]. RTILs have been known to exist in 

dissociated ions/pairs strongly interacting with neighboring counterions [66,67]. The Shaw and 

Blanchard groups have independently identified the organization in RTILs extended over micro 
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scale into the bulk. This is consistent with the existence of paired ions and movement of one ion 

causes reorganization of neighboring ions acting as a template for ordered (crystal-like) phases 

[68–70]. 

A steady increase of capacitance is reported for potential > 0.5 V vs Ag/AgCl in aqueous 

electrolytes [71]. Adsorption of ions onto metal electrodes is known to produce maxima in the C-

E curves [72,73]. This also results in frequency dispersion of the capacitance due to the slowness 

of the adsorption process and/or the diffusion of the surface-active species. Frequency-dependent 

C-E trends reveal that the system behaves like an aqueous electrolyte and follows GCS trend at 

very low frequencies and at high positive as well as negative potentials, ion adsorption is dominant. 

Low-frequency impedance data show that there is a slow adsorption/desorption process which 

dominates at very low frequencies. At more positive potentials, the density of accumulated holes 

at the diamond surface is expected to be very high. In this situation, the capacitance is no longer 

dominated anymore by solely electrochemical double layer but by the capacitance of the diamond 

electrode. 

How RTIL ions interact with the electrode is also important to consider. Cations are known 

to form p-stacking and the alkyl chain predominantly orient perpendicular to the electrode [74]. 

The interfacial confinement of cations adjacent to the electrode dictates the capacitance. These 

results indicate specific adsorption of large, asymmetrical, and organic RMIM+ cations on the 

surface. Probe microscopy like in-situ STM and AFM results have also revealed that the innermost 

layer is tightly bound to the electrode and relatively large forces (~5 to 20 nN) are required to 

rupture them [75]. Lockett et al. probed the differential capacitance in the family of RTILs 

[C(n=2,4,6)MIM][Cl] on GC electrode using EIS and CV [28,45] and found out that the cations show 

adsorption at the GC electrode and capacitance decreases with the length of alkyl chain. Alam et 
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al. [15,76] observed the similar preferential adsorption behavior of cations for RTILs, RMIMBF4 

(Cn=2,6,8MIM)/Hg interface using electrocapillary curves as a function of potential. The authors 

concluded that the long alkyl chains aggregate due to strong short-range interactions and form 

spatially heterogeneous hydrophobic domains at the interface. The anions prefer electrostatic 

interactions and hydrogen bonding with imidazolium ring and reside away from the electrode. 

Thus, the capacitance shows strong dependence on alkyl chain length of cations. The same group 

later showed that mixing [OMIM][BF4] into [EMIM][BF4] increased the capacitance, as longer 

alkyl chain dominates the overall capacitance [77]. These results imply the existence of Helmholtz-

like one-ion thick layer that depends directly on the size of cation being adsorbed at the electrode 

surface and dictates the overall capacitance. The existence of inner (compact) layer is yet not clear 

from theoretical predictions. However, its existence has been validated by various surface 

spectroscopic and microscopic measurements like sum frequency generation (SFG) vibrational 

spectroscopy [17–19,78,79], scanning tunneling microscopy (STM), surface enhanced Raman 

spectroscopy (SERS), in-situ Fourier transform infrared (FTIR) absorption spectroscopy, and in-

situ surface enhanced infrared adsorption spectroscopy (SEIRAS). Baldelli et al. used infrared 

spectroscopy to study interfacial structures and concluded that the orientation of imidazolium ring 

changes with respect to Pt electrode surface as a function of applied potential [18]. The 

imidazolium ring twists around C2 atom and allows the anion, [PF6-], to reach the electrode surface 

as positive potential is increased [17]. Additionally, the interfacial structure changes from one to 

approximately five layers exchanging [BF4]- or [PF6]- with [N(CN)2]- [18]. Gebbie et al. used 

direct surface force measurements and revealed the electrostatic screening of Au surface with 

BMIM+ enriched layers [67]. The authors argue that the well-defined polar and non-polar regions 

along with a lower degree of conformational flexibility of BMIM+ as compared to the anionic 
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assembly, [Tf2N]- are responsible for specific adsorption of BMIM+ at the electrode surface. 

Tokuda et al. attribute the persistent adsorption of BMIM+ at both negative and positive potentials 

to favorable short-range van der Waals interactions with the electrode surface [80]. 

Preferential adsorption of large cations (alkyl chains and aromatic rings) has also been 

reported in aqueous electrolytes [81,82] Absence of any solvent molecules in ionic liquids further 

increases the probability of this phenomenon in RTILs because of lack of charge screening by 

solvent molecules. This work brings light to a few considerations that are needed in uniting 

experiments and theory to understand the structure and properties of RTIL-electrode interfaces. 

 

3.5 Conclusions 

 The potential-dependent capacitance of boron-doped nanocrystalline planar diamond 

(BDD) electrodes was investigated in two imidazolium-based RTILs over a 2-V potential window. 

The voltammetric behavior and capacitance-potential behavior were assessed using cyclic 

voltammetry, single-frequency impedance and broadband impedance techniques. The size of the 

cation and the viscosity were two differences in the RTILs. Capacitance values obtained from EIS 

and voltammetric data for [HMIM][PF6] and [BMIM][PF6] varied from 5.5 to 7.5 and 8.5 to 11 

µFcm-2, respectively. It was demonstrated that:  

(i) the theoretical C-E trend (bell- or camel-shape) as predicted by theory was obtained for an Au 

electrode but not for BDD. While Au exhibits a bell-shapes C-E curve with a capacitance 

maximum near 0.3 V vs. Ag QRE, BDD shows a slight U-shape trend with a capacitance minimum 

near -0.75 V vs. Ag QRE in both the RTILs.  

(ii) The arrangement of ions in the innermost layer to the BDD electrode makes major contribution 

to overall capacitance. Shorter alkyl chain in the cationic component of imidazolium-based RTILs 
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gives higher capacitance. This shows that the C-E trends are dictated not only by the electrode 

material but also by the inherent properties of RTILs (size of ions, viscosity, dielectric constants, 

concentrations, etc.).  

(iii) Minimal capacitive hysteresis observed in the C-E trends, when the direction of potential scan 

was reversed confirms the stability of BDD microstructure and surface chemistry over the 2-V 

potential window. 

 (iv) The C-E trends constructed from single frequency impedance measurements produced 

qualitatively similar trends as those obtained using EIS. However, the magnitude of capacitance 

exhibits a significant dispersion with the frequency. Potential dependence of capacitance was 

observed only at careful selection of lower frequencies (< 10 Hz) that reveal a distinct U-shape 

trend with a minimum at -0.5 V vs. Ag QRE with increasing capacitance on both sides of the 

minimum. This indicates that RTILs respond very slowly to the potential perturbation. 
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Chapter 4 

The Effect of Surface Oxygen on the Wettability and Electrochemical 
Properties of Boron-Doped Nanocrystalline Diamond Electrodes in Room 

Temperature Ionic Liquids 

 

4.1 Introduction 

Ionic liquids are essentially molten salts at room temperature (RTILs). They are a very 

interesting class of liquids offering key advantages over organic solvent/electrolyte solutions such 

as low vapor pressure, non-flammability, electrochemical and chemical stability and ionic 

conductivity [1–5]. The availability of a wide range of compositionally distinct RTILs makes 

tuning their electrochemical properties possible. RTILs are generally comprised of a large 

asymmetric organic cation and a small symmetric inorganic anion. They are totally ionic with no 

solvent separating the ions. Coulombic interactions are the dominant force between the ions. With 

no dielectric solvent, the constituent ions do not exist as simple spherical charges [6]. Rather, the 

ions exist as ion pairs. From a fundamental electrochemical perspective, the use of RTILs allows 

one to investigate electron-transfer kinetics and redox reaction mechanisms of soluble redox 

systems in the absence of a solvent as the solvation shell around a redox molecule. Indeed, electron 

transfer reactions in an RTIL will necessarily be very different from that in a polar 

solvent/electrolyte system. The short- and long-range organization of the RTIL ions at an 

electrified interface as well as their unique solvation environment around a redox molecule make 

the electrochemical properties of these novel media interesting to study [6]. The chemical and 

electrochemical stability of RTILs leads to large voltammetric working potential windows of 4 to 

6 V, depending on the RTIL cation and anion. Applications of RTILs in electrochemistry, 

tribology, etc. will be influenced by the arrangement of the ions at the electrified interface between 
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the RTIL and the solid surface, and their physicochemical properties (e.g., electrical conductivity 

and viscosity). 

Boron-doped diamond (BDD) is a new type of carbon electrode that possesses a number 

of advantageous properties for electrochemical measurements [7–11]. These electrodes are 

generally hydrogen-terminated when deposited by chemical vapor deposition (CVD) using a 

methane/hydrogen source gas mixture [7–11]. However, the surface can be easily converted to, for 

example, an oxygen-termination by exposing the film to an O2 radio frequency (RF) plasma, 

electrochemical oxidation or by boiling in strong acids [12–15]. The background voltammetric 

current and potential-dependent capacitance of BDD electrodes are influenced by the film 

microstructure and bulk electronic properties. The latter arise from the substitutionally-inserted 

boron atoms from doping [7,9] and the hydrogen incorporation [16,17]. Furthermore, these 

electrochemical properties are linked to the electrode surface area, any porosity that exists, the ion 

accessibility to these pores and the electrolyte/solvent properties. Two other factors that can 

influence the background voltammetric current and capacitance of BDD electrodes is the fraction 

of sp2 carbon impurity exposed and the surface chemistry, which should affect the ability of an 

electrolyte solution to wet the electrode surface [18–20]. The wetting behavior of an electrolyte 

solution can be assessed through contact angle measurements. A smaller contact angle corresponds 

to a higher degree of surface wetting.  

Surface modification of carbon electrodes using RF plasma treatment is an effective way 

of introducing functional groups to modulate the wettability [21–24]. O2 plasma treatment of 

carbon electrodes often causes morphological damage as well as surface chemistry changes 

[23,24]. Roughening and carbon corrosion can occur due to gasification reactions (CO and CO2 

production) mediated by atomic oxygen produced in the plasma. Such deleterious effects can be 



 89 

mitigated by controlling treatment parameters such as plasma power, source gas pressure, 

treatment time, etc. [21]. 

There has been limited work published on the electrochemical behavior of BDD electrodes 

in RTILs. For example, Zhao et al. reported on the working potential window, background 

voltammetric current magnitude and cyclic voltammetric behavior of ferrocene and cobaltocenium 

hexafluorophosphate at BDD, glassy carbon, Pt and Au electrodes in multiple protic ionic liquids 

[25]. The authors also discussed the importance of water impurity and its effect on background 

current, potential window and diffusional mass transport of the redox systems. Cannes et al. 

reported on the capacitance of BDD, glassy carbon and carbon nitride electrodes in 1-butyl-3-

methyimmidazolium bis(trifluoromethylsulfonyl)imide [BMIM][Tf2N] [26]. The capacitance was 

measured at elevated temperatures and values for BDD were rather high in excess of 100 µF cm-

2. Ernst et al. reported on the reduction of dissolved O2 at BDD and glassy carbon electrodes in 1-

ethyl-3-methylimidazolium bis (trifluoromethylsulfonyl)imide [BMIM][Tf2N] [27]. The reduction 

reaction involved the 1e- reduction to the super oxide radical anion. More sluggish electron-

transfer kinetics were observed on BDD, as compared to glassy carbon. The sluggish kinetics were 

attributed to a lower density of electronic states in BDD. Lucio et al. reported on the double layer 

capacitance of BDD electrodes in several RTILs including [BMIM][BF4] and [BMIM][PF6] [28]. 

Capacitance values ranged from 4-8 µF cm-2 over the potential range probed in both RTILs. Li et 

al. used Fourier transformed large-amplitude alternating current voltammetry to measure the 

heterogeneous electron-transfer rate constant for the ferrocene/ferrocenium redox couple in 

[BMIM][PF6] on BDD surfaces and cut edges rich in sp2 carbon [19]. ko values on the BDD surface 

were 1.5 x 10-3 cm s-1. Faster kinetics were observed on the sp2 carbon-rich sites. The authors noted 
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that nonuniform electrode activity is more observable in RTILs due to the slower diffusional time 

scale. 

Other BDD electrode work includes determination of the heterogeneous electron-transfer 

rate constant for electron-transfer rate constants were determined for ferrocene and ferrocene 

carboxylic acid (FCA) in [BMIM][BF4] [29], voltammetric studies of phenolic compound 

oxidation in an ionic liquid [30], and electrochemical studies of high surface area diamond-coated 

Si tips in ionic liquids [31]. 

In this chapter, an investigation is reported on about how the surface chemistry (H vs. O) 

of boron-doped nanocrystalline diamond thin-film electrodes (referred to as BDD) affects the 

wettability, background voltammetric current, working potential window and potential-dependent 

capacitance in two different RTILs: 1-butyl-3-methylimidazolium hexafluorophosphate, 

[BMIM][PF6] and 1-hexyl-3-methylimidazolium hexafluorophosphate, [HMIM][PF6].  

Comparison measurements were performed in an aqueous electrolyte, 0.5 mol L-1 H2SO4. Cyclic 

voltammetry and electrochemical impedance spectroscopy were used to study current density-

potential (j-E) and capacitance-potential (C-E) trends. The physical properties of the two RTILs 

used are given in Table 4.1. 

Table 4.1. Physical properties of [BMIM][PF6] and [HMIM][PF6] at 25°C. 

Data were provided by the chemical supplier IoLiTec. 
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4.2 Materials and Methods 

4.2.1 Boron-Doped Diamond Electrodes 

The boron-doped nanocrystalline diamond (BDD) thin-films were grown on a p-Si (111) 

substrate (Virginia Semiconductor, Inc. Fredricksburg, VA, ~ 0.001 W-cm) by microwave-assisted 

chemical vapor deposition (CVD).  A commercial 1.5 kW reactor (Seki Technotron) was used 

[44]. The silicon substrate was seeded ultrasonically with nanodiamond particles from an “Opal 

Seed” suspension (Adámas Nanotechnologies Inc., Raleigh, NC) for 30 min in a glass beaker. This 

suspension contains aggregates (~30 nm) of detonation nanodiamond particles in dimethyl 

sulfoxide (DMSO). The seeded substrate was then rinsed 3x with ultrapure water in the beaker 

followed by wick-drying using a Kimwipe and full drying with a stream of N2 before being placed 

in the CVD reactor for overnight pump-down. The BDD film was grown using methane diluted in 

hydrogen (C/H = 1%, v/v) at a total gas flow rate of 200 sccm (standard cubic centimeter per 

minute), a system pressure of 35 Torr, an estimated substrate temperature near 825 °C using a 

disappearing filament optical pyrometer, and a growth time of 5-6 h. Boron doping was 

accomplished by adding 0.1% (v/v) diborane mixed with hydrogen to the source gas mixture, 

producing a gas-phase boron concentration of 10 ppm. After deposition, the methane and diborane 

flows were stopped, and the coated substrate was cooled in a hydrogen plasma for 30 min by 

slowly reducing the power and pressure down to 150 W and 10 Torr. This post-growth cooling 

step is critical to minimize the formation of sp2-bonded carbon at the surface that would result 

from the desorption of surface hydrogen (T ~ 450 °C) and reconstruction of the surface carbon 

atoms if the plasma was extinguished (hard shutdown) at the growth temperature [33]. The cooling 

step in atomic hydrogen is also critical for maintaining a hydrogen-terminated surface [34]. The 

doping level was estimated to be in the low 1021 cm-3 range, based on Raman spectroscopy and 
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Hall effect measurement data of other films deposited using similar conditions [34]. Film 

thicknesses were 2 - 4 µm, as estimated by the change in weight of the substrate after film 

deposition and cross-sectional scanning electron micrographs. 

 

4.2.2 Surface Termination of the BDD Films  

Hydrogen microwave plasma treatment was used to produce a low-oxygen BDD surface. 

This was accomplished with a 200 sccm flow of ultrapure hydrogen for a total of 30 min at 800 

W. The films were cooled to an estimated temperature of less than 400 °C by slowly reducing the 

pressure and power over the last 10 min of the treatment [35–37]. These films are referred to as 

“H-BDD” in the text. A radio frequency (RF) plasma generator (PDC-32G, Harrick Scientific) 

operating at 18 W was used to produce moderate- and high-oxygen BDD surfaces by exposing 

them to an Ar or O2 plasma, respectively. The films were placed in the center of the pyrex reaction 

chamber that was connected to a mechanical pump and an ultrapure gas feed (Ar or O2). The 

samples were plasma treated under static conditions for 12 min using a pressure of 300 mTorr. 

This was achieved by repeating the following process 3x: full evacuation of the chamber, closing 

the exhaust valve, and then filling the chamber to desired pressure with the gas. The films with 

moderate and high oxygen surface coverages are referred to as “Ar-BDD” and “O-BDD”, 

respectively, in the text. 

 

4.2.3 Chemicals  

Ultrapure grade sulfuric acid (99.999%), CAS- 339741, was obtained from Sigma-Aldrich. 

The RTILs, 1-butyl-3-methylimidazolium hexafluorophosphate [BMIM][PF6] (IL-0011-UP) and 
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1-hexyl-3-methylimidazolium hexafluorophosphate [HMIM][PF6] (IL-0018-UP), were procured 

from a commercial source (IoLiTec, Tuscaloosa, AL, specified as ≥ 99.5% purity with water 

content below 100 ppm). The RTILs were purified using a protocol described previously [38]. In 

short, the ‘as-received’ RTIL was stored over activated carbon (Sigma-Aldrich) for 5 days with 

occasional stirring. This step removes organic contaminants through adsorption onto the carbon. 

The RTIL was then withdrawn through a 0.2 µm Teflon syringe filter (Whatman) directly injected 

into the electrochemical cell. The RTIL was then heated to 70 °C for 1 h while being continuously 

sparged with ultrapure Ar gas (99.9999 %) (so-called sweeping treatment) [38]. All processes were 

performed in a dry N2-purged vinyl glove box (Coy Laboratories). The water content in the RTIL 

after the sweeping treatment was below 100 ppm, as estimated using thermogravimetric analysis. 

The mass loss recorded during a temperature scan up to 300 oC was assumed to be due to water 

loss. The ultrapure water was obtained from a Barnstead E-pure System (Thermo Scientific, USA) 

filtered through a Milli-Q deionized water purification system with a resistivity >17 MW-cm. 

 

4.2.4 X-ray Photoelectron Spectroscopy (XPS)  

The chemical composition of the BDD films in the near-surface region was determined 

using X-ray photoelectron spectroscopy (XPS). Spectra were recorded using a Perkin-Elmer PHI 

5400 ESCA system with a high-intensity monochromatic X-ray source (Al Kα). Samples were 

analyzed at a base pressure of 10-9 Torr with a take-off angle of 45 ° using a pass energy of 29.35 

eV. The X-ray power was 350 W and spectra were collected from a spot size ca.  250 µm2 area. 

The instrument was calibrated using the C1s peak for HOPG (C=C sp2, highly ordered pyrolytic 

graphite) at 284.5 eV as an internal reference. The atomic percentage of each element was 

calculated from the integrated peak areas divided by relative instrument sensitivity factors for each 
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element. Deconvolution of core level spectra was accomplished using MultiPAK (v.8.2.0). 

software with the instrument. The spectra were fit to a Gaussian-Lorentzian (G/L = 0.8) peak shape 

after Shirley background correction to calculate the atomic ratios of carbon and oxygen. 

 

4.2.5 Scanning Electron Microscopy (SEM) 

The morphology of the BDD films before and after the plasma treatments was studied by 

scanning electron microscopy (JEOL 7500F, JEOL Ltd., Center for Advanced Microscopy, MSU). 

The SEM micrographs were generally collected at 10,000x using a 5.0 kV accelerating voltage 

and a working distance of 4.5 mm. 

 

4.2.6 Static Contact Angle Measurements 

The wettability of the chemically-modified BDD electrodes was investigated by a 

photographic method using static contact angle measurements (KRÜSS GmbH DSA 100 Drop 

Shape Analyzer). The contact angles were recorded with ultrapure water and the two purified 

RTILs. A 0.1 µL droplet was placed on the BDD film using a 15 G Hamilton syringe that was 

positioned atop the glass pedestal. A photograph of the droplet interfacing with the electrode 

surface was then taken using a digital camera ~12 s after drop placement. The photographs were 

analyzed using the instrument software. The reported contact angle represents an average of five 

measurements across each BDD electrode at the center and the four corner regions. The reported 

angle is also an average of angles at the right- and left-hand side of the droplet, as measured in the 

photograph. All measurements were made with the instrument in a dry room at a relative humidity 

of ≤ 0.1 %. 
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4.2.7 Electrochemical Measurements  

The electrochemical measurements were made at room temperature in a standard three-

electrode cell [39]. The BDD working electrode was clamped to the bottom of a three-neck, single 

compartment glass cell. A copper plate was used as the current collector. To produce good ohmic 

contact between the working electrode and the current collector, the backside of the p-Si substrate 

was scratched with SiC 800 grit paper, cleaned and coated with graphitic carbon using a standard 

pencil. A clean Vitonä O-ring between the bottom of the glass cell and the BDD film defined the 

geometric electrode area of 0.2 cm2 exposed to the electrolyte. The reported current density 

represents the measured current normalized to the geometric area of the exposed BDD film. A Pt 

wire (0.5 mm diam.) served as the counter electrode. A large area spiral Ag wire was used as the 

quasi-reference electrode (Ag QRE). The potential of the Ag QRE in 0.5 mol L-1 H2SO4 was 110 

± 6 mV vs. Ag/AgCl (3 mol L-1 KCl). The reference and counter electrodes were positioned close 

to the working electrode. Approximately 500 µL of RTIL was used in each electrochemical 

measurement. All the experiments were performed in a dry N2-purged glove box (Coy 

Laboratories) at room temperature with relative humidity below the detection limit (0.1% or 1000 

ppm) of a digital hygrometer. All glassware was washed using Alconox/ultrapure water solution; 

rinsed sequentially with deionized water, isopropanol, acetone, and ultrapure water; and finally 

dried in an oven at 150 °C for at least 12 h before use. 

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were 

performed using a computer-controlled potentiostat (Model 660D, CH Instruments Inc., Austin, 

TX). CVs were recorded as a function of scan rate (0.01, 0.03, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5 Vs-1) 

and the capacitance was calculated from the slope of the background current at 0.0 V vs. scan rate 

plots using equation (1), 
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!"#$%"&$ = ()*+                                                   (1) 

where javerage (A cm-2) is average background current density from the positive-going and negative-

going sweeps at the specific potential, Cdl (F cm-2) is the double-layer capacitance, and ν (V s-1) is 

the potential scan rate.  

EIS was performed over a full frequency range from 0.1 to 105 Hz, with 20 data points 

collected per decade. A sinusoidal perturbation voltage of 10 mV (rms) was added to each 

negative-to-positive-going DC potential in 200 mV increments. An equilibration time of 5 min at 

each potential was allowed before the acquisition of the impedance data. The data were analyzed 

in the Nyquist plane using the CPE-based electrical equivalent circuit model shown in Figure 4.1 

[40]. Rs represents the bulk electrolyte resistance and any electrode ohmic resistance in series with 

a parallel-connected constant phase element (CPE) and a high-frequency capacitor (Chf). Chf 

accounts for stray capacitance that arises from the instrumentation or connection cables [41–43]. 

It is usually in the range of nF and is potential-independent. It contributes to the impedance only 

at high frequencies > 20 kHz.  Other studies using electrochemical methods, such as EIS [44] and 

single AC frequency measurements [45] [46] [47], have used this  simple RC circuit. Small and 

Wheeler have emphasized the importance of fitting the impedance data using a simple RC circuit 

to avoid over-parameterization [48]. 

 

 

>>CPE

Rs

||
Chf

Figure 4.1.  The representative electrical equivalent circuit that was used to fit the full-
frequency impedance data. 
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In the Nyquist plane, a pure capacitor ideally exhibits frequency-independent capacitance 

and gives a straight vertical line along the Z"– Z' plane. However, slightly tilted vertical lines with 

some curvature were observed for the BDD electrodes at certain potentials. This type of response 

is commonly modeled using a CPE element [43,49–51]. The cause for this response is the 

distribution of the activation energies across the electrode surface which is correlated to the 

existence of a wide variety of active sites differentially activated at a certain potential [52]. 

Polycrystalline electrodes are known to exhibit capacitance dispersion with frequency due to 

atomic-scale defects (kinks, steps, pits, and dislocations) and surface roughness at a microscopic 

level [39,42]. A simple way to account for this inhomogeneity is to use a CPE element: 

																																																																													-./0 = 1
2(4.678):                                                                           (2) 

where ZCPE is the impedance for a CPE element in Ω, f is AC frequency in Hz, Q is the effective 

capacitance for a CPE element in Ω-1 sα and α is usually between 1 and 0.5 for real electrodes. Q 

is a pure capacitor when α = 1. 

 

4.2.8 Statistical Data Analysis 

At least three sets of independent electrochemical measurements were performed in the 

two purified RTILs using at least three different BDD electrodes; all deposited using identical 

conditions. Such replicate measurements enabled assessment of the response variability and 

electrode-to-electrode statistical analysis. Data are presented as mean ± standard deviation (n ≥ 3). 

Statistically significant differences in mean values were determined using the unpaired Student’s 

t-test (p ≤ 0.05) with the control data being that for H-BDD. 
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4.3 Results 

4.3.1 BDD Surface Termination 

The near-surface elemental composition of the plasma-modified BDD films was 

determined using quantitative XPS. Figure 4.2 shows the elemental survey scans for H-, Ar- and 

O-BDD thin-film electrodes.  The two main elements detected were C and O. The position of the 

C1s peak for graphite (C=C sp2) is 284.5 eV, and for diamond (C-C sp3) is 285.1 eV due to 

differences in the material work function [53,54]. In the present spectra, C1s and O1s peaks were 

observed at ca. 284.8 and 532.3 eV, respectively. The slight upshift in the C1s peak is due to the 

sp3 bonding of carbon atoms in diamond. The peak at 970 eV is for the Auger transition for oxygen 

[54,55]. A weakly intense B 1s peak (0.23 at. %) was also observed at 188.5 eV, but only for the 

H-BDD electrode.  The B 1s signal was not detected in the survey spectra from either the Ar- or 

O-BDD films. No other element was present at the detectable levels. The plasmon loss feature was 

observed at 318.5 eV. It arises from the energy losses of  photoelectrons upon the excitation of the 

bulk and surface plasmons of diamond [56]. It is a characteristic feature of high purity (i.e., low 

non-diamond carbon impurity) diamond.  

As expected, the O1s peak intensity increased for the Ar- and O-BDD electrodes. The 

atomic O/C ratios were 0.01, 0.08, and 0.17, respectively, for H-, Ar- and O-BDD. An O/C atomic 

ratio of 0.18 is generally about the maximum oxygen coverage that has been reported for diamond 

films modified using methods like oxygen plasma and electrochemical oxidation [57–60]. The H2 

plasma produces a surface that is low in surface oxygen and primarily H-terminated. The Ar 

plasma introduces some surface oxygen since there is always some atmosphere leakage into the 

RF plasma chamber (mtorr vacuum only). As expected, the O2 plasma produces the highest oxygen 

coverage. 
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Deconvolution of the C1s peak was performed to determine the types of carbon-oxygen 

functional groups present on the surface (i.e., the different chemical environments around the 

carbon atoms). Deconvoluted spectra are presented in Figure 4.3 and the results are summarized 

in Table 4.2. The largest peak area is attributed to the sp3 carbon present in the films. The position 

of this peak shifts slightly towards higher binding energies with increasing surface oxygen from 

284.5 eV for H-BDD to 284.8 eV for Ar-BDD and 284.9 eV for O-BDD. All other component 

peaks are reported as a shift relative to this base carbon peak. With increasing surface oxygen 

coverage, the C1s peak becomes more asymmetric with a tail toward higher binding energies [61] 

[62]. The higher binding energy components are associated with three different carbon-oxygen 

functional groups: hydroxyl or ether (C-OH, C-O-C) [+1.5 eV], carbonyl (C=O) [+3 eV], and 

carboxyl or ester (HO-C=O) [+4.5 eV] groups [62]. The H-BDD C1s spectrum shows the presence 

of one primary functional group with a shift of +1.8 eV. This is indicative of C-OH or C-O-C 

functional groups and accounts for 5.4% of the total area of the C1s peak. The C1s spectrum for 

Ar-BDD shows two functional group types at +1.5 and +3.0 eV consistent with C=O and HO-C=O 

groups, respectively. These account for 9.9% and 1.2%, respectively, of the total area of the C1s 

peak. The C1s spectrum for O-BDD reveals C-OH, C=O, and HO-C=O functional groups present 
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Figure 4.2.  XPS survey scans for (A) H-BDD (black curve), (B) Ar-BDD (blue curve) and (C) 
O-BDD (red curve) thin-films after the different microwave or RF plasma treatments in H2, Ar 
and O2, respectively. 
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with shifts of +1.5, +3.0, and +3.9 eV. These functional groups account for 12.92%, 0.50%, and 

6.91 %, respectively, of the total C1s peak area. 

 

 

 

Table 4.2. Summary of the C1s Core Level XPS Data for H-BDD, Ar-BDD and O-BDD 
Electrodes. 

 

 

4.3.2 Surface Film Morphology 

SEM was used to evaluate the film morphology before and after the different plasma 

treatments to verify that no change was introduced. The O2 plasma, in particular, can be very 
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Figure 4.3. Deconvoluted C1s spectra revealing the carbon-oxygen functional group types, C-
OH, C=O and HO-C=O, present on (A) H-BDD, (B) Ar-BDD and (C) O-BDD electrodes. 
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damaging to carbon surfaces by roughening through carbon gasification [39,63].  Figure 4.4A and 

B presents electron micrographs of a BDD electrode before and after 12-min O2 plasma treatment. 

Clearly, the exposure did not alter the film morphology. There is no evidence of pitting, etching, 

film delamination, or general surface roughening. The faceted and polycrystalline film, with some 

of the larger crystallites on the order of a several hundred nanometers in the lateral dimension, was 

unchanged after the plasma treatment. There were, however, some very minor morphological 

changes detected upon close inspection. These are indicated with arrows in Figure 4.4B. At these 

locations, some pitting and roughening occurred on a few of the crystallites and in the grain 

boundary between the crystallites. The pits develop because of carbon gasification as CO and CO2 

due to the reaction with atomic oxygen generated in the plasma. The damage though is very minor 

and highly localized. Etching effects by plasma species, specifically atomic hydrogen in an H2 

plasma, have been reported to be random, inhomogeneous, and dependent on the crystal facet or 

the orientation of diamond [64]. Although not presented, SEM revealed the H2 and Ar plasma 

treatments produced no significant changes in the film morphology. No major or minor damage 

was detected.  

 

 

100 nm100 nm

A B

Figure 4.4. SEM micrographs of a nanocrystalline BDD thin-film (A) before and (B) after a 
12-min O2 RF plasma treatment. 
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4.3.3 Surface Wettability 

Figure 4.5 shows photographs of ultrapure water and purified [BMIM][PF6] droplets on H-

BDD, Ar-BDD and O-BDD surfaces. The nominal contact angles for water on H-, Ar-, and O-

BDD were 110 ± 1, 52 ± 6, and 41 ± 6 degrees, respectively. As expected, the highest contact 

angle is seen for the H-BDD surface with the lowest XPS O/C atomic ratio. The contact angles 

decrease for Ar- and O-BDD. On the other hand, the nominal contact angles for [BMIM][PF6] on 

H-, Ar- and O-BDD followed the opposite trend: 20 ± 2, 22 ± 1, and 49 ± 7 degrees, respectively. 

The nominal contact angles for [HMIM][PF6] followed the same trend: 11 ± 2, 47 ± 2, and 41 ± 5 

degrees for H-, Ar- and O-BDD, respectively. For the RTILs, the greatest wettability is seen on H-

BDD; the surface with the lowest surface oxygen coverage. In summary, the wettability of the 

BDD surface for water increases with increasing polar carbon-oxygen functional group coverage. 

In contrast, the wettability by [BMIM][PF6] and [HMIM][BF6] decrease with increasing polar 

carbon-oxygen functional group coverage. 
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4.3.4 Electrochemical Potential Windows 

Figure 4.6 shows background cyclic voltammetric curves for H-BDD in both [HMIM][PF6] 

and [BMIM][PF6] over a wide potential range. The working potential window in both RTILs is 6 

V. The potentials for the positive and negative-going currents at ± 50 µAcm-2 were chosen to define 

the window. The voltammetric current magnitude is higher for [BMIM][PF6] than for 

[HMIM][PF6]. There is an anodic peak around 1.8 V observed on the positive-going sweep and a 

small cathodic current starting about – 1 V in both RTILs. The peak near 1.8 V is presumed due 

to the oxidation of trace water impurity [65]. The origin of the peak at -1 V is unclear but may be 

related to the reduction of some residual dissolved oxygen. It should be noted that the 6 V potential 
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110 ± 1.2° 52 ± 5.5° 41 ± 5.5°

49 ± 6.7°22 ± 1.3°20 ± 2.4°
Figure 4.5. The upper panels illustrate the surface terminating oxygen functional groups on the 
H-, Ar- and O-BDD surfaces. Photographs of droplets and static contact angle data for water 
(A-C) and for [BMIM][PF6] (D-F) on the three surfaces. Values are reported as mean ± standard 
deviation (n = 5 measurements on different areas of each BDD electrode).  
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window for BDD in the RTILs is 2x larger than the typical 3 V window observed for BDD in 

aqueous electrolytes, such as 0.5 mol L-1 H2SO4. Similar wide working potential windows in these 

and other RTILs have been reported previously for BDD electrodes [25,28,29]. The insets overlay 

the background voltammetric current in both RTILs over a narrower potential range from -0.5 to 

1.0 V vs. Ag QRE. The current density at 0 V when scanning over the narrower range is below 1 

µAcm-2 for both RTILs. However, the current density increased by a factor of 3 to 8 when the 

potential range was scanned over the full 6 V window. There must be some redox processes that 

add to the total background current when scanning over the full potential window. For example, 

the capacitance at 0 V, calculated using equation (i), is 7 µFcm-2 when scanning over the narrow 

potential range. However, it increases by 3.5x to 25 µF cm-2 when the potential range was scanned 

over the full 6 V range. 

 

 

 

4.3.5 Capacitance-Potential (C-E) Trends in RTILs 

Figure 4.7A shows j-E curves for H-BDD in [BMIM][PF6] recorded over a 1.5 V potential 

window as a function of scan rate from 0.01 to 0.5 Vs-1. The voltammetric curves are symmetrical 
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Figure 4.6. Cyclic voltammetric j-E curves for a H-BDD thin-film electrode in (A) 
[HMIM][PF6] and (B) [BMIM][PF6] over a wide potential window of 6 V (dash curves). The 
narrower potential region of  ̴ 2 V (solid curves) used for the capacitance measurements is also 
shown (solid curve). The insets show j-E curves for H-BDD over a more narrow 1.5 V potential 
range in (A) [HMIM][PF6] and (B) [BMIM][PF6]. Scan rate = 0.1 Vs-1. 
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about the zero-current line and exhibit a rectangular shape, consistent with a capacitive process. 

The currents are low (0.1 to 5 µA cm-2) and increase with the scan rate. Current density vs. scan 

rate plots at different potentials were generated for the H-, Ar- and O-BDD films in [BMIM][PF6]. 

Figure 4.7B shows plots for the current measured at 0 V. The background current density for all 

three electrodes increases proportionally with the scan rate (R2 ≥ 0.999). This indicates that the 

background current at this potential, and in fact at other potentials in the -0.5 to 1 V range, is 

capacitive arising solely from double-layer charging. Capacitance values were calculated from the 

plot slopes with the following trend in nominal values: H-BDD (9.1 µAcm-2) > Ar-BDD (5.0 

µAcm-2) and O-BDD (4.1 µAcm-2) (Table 4.3). The capacitance values for Ar-BDD and O-BDD 

are half the value for H-BDD. The capacitance values track the wettability trends in the RTILs 

(i.e., highest capacitance is seen for the electrode with the lowest contact angle). Even in the 

viscous RTILs, the ion excesses in the interfacial region are established as fast as the potential (i.e., 

excess surface charge) is changed at these scan rates.  
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Figure 4.7. (A) Cyclic voltammetric (j-E) curves recorded as a function of scan rate (0.01 to 
0.5 Vs-1) for H-BDD thin-film electrode in [BMIM][PF6]. (B) A plot of background current 
density, j, at 0.0 V vs. Ag QRE against scan rate for H-BDD (■), Ar-BDD (●) and O-BDD (▲). 
Current density values are the average of the positive and negative sweeps in the cyclic 
voltammogram. Values are plotted as mean ± std. dev. (n=3 electrodes). 
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Table 4.3. Capacitance values calculated from the linear regression analysis of plots of the current 
density (µAcm-2) vs. scan rate (Vs-1) for H-, Ar- and O-BDD electrodes in [BMIM][PF6] shown in 
Fig. 4.7B. Values are reported as mean ± std. dev. for n=3 electrodes. 

 

 

 The background cyclic voltammetric curves are compared in Figure 4.8A for H-, Ar- and 

O-BDD in [BMIM][PF6] at a 0.1 Vs-1.  The current densities for Ar- and O-BDD at all potentials 

are lower than for H-BDD, consistent with decreased surface wetting by the RTIL. Plots of the 

capacitance, determined from the voltammetric data, versus potential are presented in Figure 4.8B. 

The capacitance for H-BDD increases with increasing positive potential from 8.8 µFcm-2 at -0.4 

V to 15.1 µFcm-2 at 0.9 V. The capacitance for Ar-BDD is relatively independent of applied 

potential varying from 5.5 µFcm-2 at -0.4 V to 6.9 µFcm-2 at 0.8 V. The capacitance of O-BDD is 

also relatively independent of potential but slightly lower than values for the other two electrodes. 

The capacitance varies from 4.7 at -0.4 V to 6.1 µF cm-2 at 0.8 V. In summary, the voltammetric 

current and the potential dependent capacitance follow the trend H-BDD > Ar-BDD > O-BDD in 

[BMIM][PF6]. 
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Figure 4.9A shows j-E curves at 0.1 Vs-1 for the H-, Ar- and O-BDD thin-film electrodes 

in [HMIM][PF6]. H-BDD exhibits the largest current density over the entire potential range. The 

background current at most of the potentials follows the same trend as seen for the less viscous 

[BMIM][PF6]: H-BDD > Ar-BDD > O-BDD. Overall, the currents were lower for all the 

electrodes in [HMIM][PF6], as compared to [BMIM][PF6]. The current density for H-BDD 

increases in [HMIM][PF6] from 0.3 to 2.4 µAcm-2 on the positive-going and from -0.1 to -1.5 

µAcm-2 on the negative-going potential sweep. The Ar- and O-BDD films exhibit lower but similar 

current densities over the potential range. The corresponding C-E curves reveal the largest 

capacitance for H-BDD, increasing from 11 to 15 µFcm-2 with increasing positive potential. The 
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Figure 4.8. (A) Overlay of cyclic voltammetric j-E curves recorded at 0.1 Vs-1 for H-BDD 
(black curve), Ar-BDD (blue curve) and O-BDD (red curve) in [BMIM][PF6]. (B) 
Corresponding capacitance-potential (C-E) curves for H-BDD (●), Ar-BDD (●), and O-BDD 
(▲) in [BMIM][PF6]. The capacitance values were calculated from the javerage (µAcm-2)/ν (Vs-

1) values according to equation 1. Capacitance values are presented for just one of each 
modified electrode.  
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capacitance of both Ar-BDD and O-BDD electrodes exhibits little potential dependence ranging 

from 8 to 10 µFcm-2. 

 

 

 

 

The C-E data were also obtained using full frequency electrochemical impedance 

spectroscopy. C-E profiles were constructed from the impedance data as a function of potential. 

Figure 4.10 shows the real (Z') vs. imaginary (Z") components of the total impedance in the 

Nyquist plane for H-BDD in [HMIM][PF6] (Fig. 4.10A) and [BMIM][PF6] (Fig. 4.10B). Data 

recorded over a broad frequency range from 0.1 to 105 Hz as a function of applied potential are 

presented. Vertical lines are seen of the essentially same magnitude for several of the potentials, 

consistent with a dominant capacitive process controlling the flow of current through the 

electrochemical system. The overlap of the curves indicates similar capacitance at these potentials. 

The steeper and closer to the imaginary axis the plot is, the purer and larger the capacitance is [64]. 

At negative potentials (-0.7 and -0.9 V), the curves become non-linear at higher frequencies, and 

the magnitude of Z" decreases. These curves suggest that there is some non-capacitive current 
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Figure 4.9. (A) Overlay of cyclic voltammetric j-E curves recorded at 0.1 Vs-1 for H-BDD 
(black curve), Ar-BDD (blue curve), and O-BDD (red curve) in [HMIM][PF6]. (B) 
Corresponding capacitance-potential (C-E) curves for H-BDD (■), Ar-BDD (●), and O-BDD 
(▲) in [HMIM][PF6]. The capacitance values were calculated from the javerage (µAcm-2)/ν (Vs-

1) values according to equation 1. Capacitance values are presented for just one of each 
modified electrode.  
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flowing at these potentials. Similar behavior is seen for [BMIM][PF6]. The difference in data for 

the two RTILs is that the deviation from linearity (i.e., pure capacitive process) starts at less 

negative potentials in [HMIM][PF6]. 

 

 

 

Figure 4.11 compares C-E plots obtained from the EIS data for H-BDD, Ar-BDD, and O-

BDD in [HMIM][PF6] (Fig. 4.11A) and [BMIM][PF6] (Fig. 4.11B). The capacitance magnitude 

for H-BDD ranges from 6.2 to 11.7 µFcm-2 in [HMIM][PF6] and from 2.5-12.0 µFcm-2 in 

[BMIM][PF6]. The capacitance values are in reasonable agreement with the values determined by 

cyclic voltammetry. This is often the case with BDD electrodes because the surface is largely 

unreactive such that little current flows at mid-range potentials than is not capacitive in origin. The 

capacitance values overall are higher in [HMIM][PF6] than in [BMIM][PF6]. There is a general 

trend of increasing capacitance with increasing positive potential for most of the modified 

electrodes in both RTILs. The exception to this is the capacitance of Ar-BDD and O-BDD in both 
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the RTILs, which is relatively independent of potential over the range. There is an increase in 

capacitance seen at potentials positive of 0.8 V. 

The shape of the C-E curves for the different modified BDD electrodes is more or less flat. 

There is no U-shape curvature or inverted parabolic shape as is often reported for metal electrodes 

in contact with RTILs [66–68]. The exception is the U-shape is seen for H-BDD in [BMIM][PF6] 

with a capacitance minimum at -0.4 V vs. Ag QRE. Such a U-shape was not observed for any of 

the Ar- and O-BDD electrodes tested. The measured capacitance followed the same trend in both 

RTILs: H-BDD > Ar-BDD and O-BDD. This is similar to the trend seen from the cyclic 

voltammetric data. Recall that in [BMIM][PF6], the static contact angles were: 20 ± 2° for H-BDD, 

22 ± 1° for Ar-BDD and 49 ± 7° for O-BDD. The largest capacitance is observed for the electrode 

with the lowest contact angle. Similarly, in [HMIM][PF6], H-BDD, which has a contact angle of 

11 ± 2, exhibits a higher capacitance than Ar- and O-BDD, which have higher contact angles of 

47 ± 2 and 41 ± 5, respectively. In summary, the BDD electrode capacitance in the RTILs decreases 

with increasing contact angle (i.e., decreased surface wettability) and increasing surface oxygen 

coverage. 
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Figure 4.11. Comparison of capacitance-potential (C-E) trends recorded for H-BDD (■), Ar-
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were calculated from EIS data. The data are plotted as mean ± standard deviation for n=3 
electrodes. 
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4.3.6 Capacitance-Potential (C-E) Trends in an Aqueous Electrolyte 

Comparison measurements were performed with these same modified BDD electrodes in 

0.5 mol L-1 H2SO4. Figure 4.12A shows background cyclic voltammetric curves recorded at 0.1 

Vs-1 using H-BDD and O-BDD thin-film electrodes. It is worth noting that the values for the 

current densities are 2-10x higher, depending on the potential, than those recorded in [BMIM][PF6] 

or [HMIM][PF6]. The background voltammetric current in 0.5 mol L-1 H2SO4 was larger for O-

BDD than for H-BDD, consistent with the lower water contact angle on the former. The 

voltammetric curve for H-BDD is flat and symmetric about the zero-current line over the potential 

range. In contrast, the curve for O-BDD is also flat and symmetric about the zero current line 

except at potentials positive of 0.6 V on the positive-going sweep. On the negative-going sweep, 

there is a small peak current at 0.9 V.  The origin of these currents is unclear. Figure 4.12B shows 

the corresponding current density vs. scan rate plots for O-BDD and H-BDD. Both plots are linear 

(R2 = 0.999) indicating the current at this potential (0 V) is capacitive. The capacitance for H-BDD 

and O-BDD, calculated from the slopes of these curves, is 15.9 ± 2.2 and 21.9 ±1.3 µFcm-2, 

respectively (Table 4.4). The larger capacitance in aqueous electrolyte explains the larger 

voltammetric current, as compared to the RTILs. The reasons for the lower capacitance in the 

RTILs are (i) the dielectric constant of the RTILs is 8-9x lower than the dielectric  constant for  

water and (ii) the true ionic concentration is likely significantly less than the total ionic 

concentration (4-6 M) of the two RTILs due to ion pairing, with both being less than the ionic 

concentration in H2SO4. 
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Table 4.4. Capacitance values calculated from current density vs. scan rate plots and linear 
regression analysis for O-BDD and H-BDD in 0.5 mol L-1 H2SO4. Data are presented as mean ± 
std. dev. for n = 3 electrodes of each type. 

 

The C-E profiles for H-BDD and O-BDD in 0.5 mol L-1 H2SO4 constructed from EIS data 

indicate slightly larger values at all potentials for O-BDD than for H-BDD (Figure 4.13). The 

capacitance for both the electrodes increases with increasing positive potential. The capacitance 

for O-BDD increased from 7.4 at -0.9 V to 28.7 at 0.9 V µFcm-2. For H-BDD, the capacitance 

increased from 4.0 µFcm-2 at -0.9 V vs. to 16.7 µFcm-2 at 0.9 V. In summary, the capacitance is 
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Figure 4.12. (A) Cyclic voltammetric (j-E) curves for O-BDD (outer red curve) and H-BDD 
(inner black curve) in 0.5 M H2SO4. Scan rate = 0.1 Vs-1. (B) A plot of corresponding current 
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H2SO4. Current density values are presented as mean ± std. dev. for n=3 electrodes of each type. 
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greater for the BDD electrodes exhibiting the lowest water contact angle and the highest surface 

oxygen coverage. 

 

 

 

4.4 Discussion 

The primary goal of this study was to understand how the surface chemistry (H vs. O) 

affects the wettability and electrochemical properties of BDD electrodes in two different RTILs, 

as compared with an aqueous electrolyte solution. The electrochemical properties were evaluated 

by background cyclic voltammetric j-E curves as a function of scan rate and full-frequency 

electrochemical impedance spectroscopy as a function of the applied potential. BDD thin-film 

electrodes were prepared by microwave-assisted CVD method using a 1% methane/hydrogen 

source gas mixed with diborane at a gas-phase boron concentration of 10 ppm. Extensive care was 

taken to minimize the formation of sp2-bonded carbon impurity at the surface by keeping the 

methane/hydrogen ratio low at 1% (v/v) and the post-growth cooling procedure. sp2-bonded carbon 

would form at the surface with a hard shut down due to desorption of surface hydrogen at the 

deposition temperature and reconstruction of the surface carbon atoms to form pi-bonded dimers. 
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The doping level was estimated to be in the low 1021 cm-3 range based on Raman spectroscopy and 

Hall effect measurement data of other films deposited under similar conditions [34]. To generate 

BDD films with different surface terminations, the films were plasma-treated using appropriate 

gas. The H2 plasma cool down produces a surface that is low in oxygen coverage that is primarily 

H-terminated. The Ar plasma introduced some surface oxygen since there is always some 

atmosphere leakage into the plasma chamber (mtorr vacuum). The Ar gas in the chamber ionizes 

and creates a glow discharge around the electrode bombarding the surface with Ar+. The ion 

bombardment also acts to clean the surface.  

As expected, the O2 plasma produced the highest surface oxygen coverage. The XPS 

atomic O/C ratios were 0.01, 0.08, and 0.17 for H-BDD, Ar-BDD, and O-BDD, respectively. The 

O/C ratio of 0.18 is about the maximum oxygen coverage that has been reported for BDD films 

modified using techniques such as oxygen plasma and electrochemical oxidation [69]. XPS 

measurements further revealed the nature of oxygen-containing groups present on the surface of 

plasma-treated BDD films. While H-BDD was found to have only C-OH and C-O-C functional 

groups, Ar-BDD surface was populated with C-OH and C=O groups. In comparison, O-BDD 

surface presented a more diverse mix of functional groups with XPS revealing the presence of C-

OH, C=O, and HO-C=O groups. 

 One of the critical factors with plasma-treated BDD films is the surface roughening and 

damage, such as pitting, etching and film delamination that can result particularly in H2 (atomic 

H) O2 (atomic O) plasmas. Pitting occurs due to the gasification of carbon in atomic O to form CO 

and CO2. Pitting can also occur in atomic H due to the formation of CH4 and C2H2. Pitting and 

etching in atomic H are localized and dependent on the diamond crystal facet [35]. Such surface 

roughening would cause increases in the background voltammetric current and capacitance. SEM 
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micrographs revealed no significant change in the BDD film surface topography after either the 

H2 or O2 plasma treatments. Some very minor and localized pitting was observed in a few select 

grain boundaries of the film after the O2 plasma treatment. The surface wettability of the plasma-

treated films was investigated by static contact angle measurements using water and RTILs as the 

contacting liquids. The static contact angle for water on H-BDD, Ar-BDD, and O-BDD were 

measured to be 110 ± 1.2, 52 ± 5.5, and 41 ± 5.5 degrees, respectively. For the RTILs, the 

corresponding contact angle for H-BDD, Ar-BDD, and O-BDD were 20 ± 2.4, 22 ± 1.3, 49 ± 6.7 

degrees and 11 ± 2.0, 47 ± 2.1 and 41 ± 5.4 degrees for [BMIM][PF6] and [HMIM][PF6], 

respectively. The wettability of the BDD surface for water increases with increasing polar carbon-

oxygen functional group coverage. In contrast, the wettability by [BMIM][PF6] and [HMIM][PF6] 

decreases with increasing polar carbon-oxygen functional groups coverage. 

 The background voltammetric current and capacitance for all three modified electrodes are 

larger in [HMIM][PF6] due to higher surface wettability. With higher wettability, RTIL ions can 

approach the BDD surface more closely resulting in greater excess charge density closer to the 

electrode, hence greater capacitance. Comparing H-BDD, Ar-BDD, and O-BDD, the capacitance 

is highest for H-BDD electrodes followed by Ar- and O-BDD in both the RTILs. The wettability 

and capacitance both decrease in the RTILs with increasing surface oxygen coverage. The exact 

opposite trend was observed in 0.5 M H2SO4. The wettability, background current and capacitance 

all increase with increasing surface oxygen coverage. In aqueous electrolyte, increased capacitance 

of carbon nanosheets was observed with increased wettability and surface carbon-oxygen 

functional group coverage [69]. 
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4.5 Conclusions 

Boron-doped nanocrystalline diamond thin-film electrodes were chemically modified 

using microwave or RF plasma treatment to produce low, medium and high surface oxygen 

coverages. The plasma treatments were performed in H2, Ar or O2.  The surface oxygen coverage 

(atomic O/C ratio), as determined from XPS data, was 0.01 for H-BDD, to 0.08 for Ar-BDD and 

0.17 for O-BDD. The effect of surface oxygen coverage on the wettability, background 

voltammetric current, and capacitance in two different RTILs ([BMIM][PF6] and [HMIM][PF6]) 

was investigated. Comparison studies were performed in 0.5 M H2SO4. The following are the key 

findings from the work: 

1. The static contact angle of water on the modified electrodes decreased from 110 (H-BDD) 

to 41 (O-BDD) degrees with increasing surface oxygen coverage, as expected as the 

surface becomes more hydrophilic. 

2. The opposite trend was seen for both RTILs as the contact angle increased from 20 (H-

BDD) to 50 (O-BDD) degrees with increasing surface oxygen coverage. 

3. The cyclic voltammetric background current and potential-dependent capacitance in both 

RTILs were largest for BDD electrodes with the lowest surface oxygen coverage ratio (H-

BDD) and lowest contact angle.  

4. Slightly larger voltammetric background currents and capacitance were observed in 

[HMIM][PF6] than in [BMIM][PF6]. Capacitance values ranged from 8 – 16 µF cm-2 over 

the potential range for H-BDD and from 4 – 6 µF cm-2 for O-BDD. The opposite trend was 

observed in H2SO4. 

5. Capacitance values were lower in the RTILs on a particular electrode than in the aqueous 

electrolyte. 
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6. The working potential window for the BDD electrodes was the same, ca. 6V, in both 

RTILs. 
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Chapter 5 

Effect of Nitrogen Incorporation on Electrode Microstructure, Voltammetric 
Properties and Capacitance of Nitrogen-Incorporated Tetrahedral 

Amorphous Carbon Thin-Film Electrodes 

 

5.1 Introduction 

Diamond-like carbons are one class of carbon electrodes that have lately become extremely 

attractive to the electrochemistry community. Enhanced interest in these materials stems from their 

advantageous physical, chemical, and electrochemical properties, which can be tuned by varying 

the ratio of sp2/sp3-bonded carbon content during film growth. While the graphitic carbons and 

diamonds have been extensively investigated over the last four decades, and their structure-

property relationships are well-established [1] [2], diamond-like carbons remain comparatively 

under-explored. 

One of the diamond-like carbons is nitrogen-incorporated tetrahedral amorphous carbon 

(ta-C:N). Its physical, chemical, electrical, and electrochemical properties are governed by the 

ratio of sp2 clustering and the heteroatom (nitrogen) incorporation. ta-C:N electrodes contain a 

mixture of sp2 carbon clusters and sp3 carbon domains. Incorporation of nitrogen has emerged as 

one of the important tools available to modulate the electronic and interfacial chemistry as well as 

the physicochemical properties of the electrode. The addition of nitrogen to amorphous carbon 

electrode usually has complex and multifaceted effects such as a change in the 

semiconducting/metallic character [3], surface wettability [4], electron-transfer kinetics and 

double-layer capacitance. Owing to the relatively higher content of sp3-bonded carbon, ta-C:N 

boasts of some of diamond’s superlative properties like excellent mechanical strength, high 
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thermal conductivity, low background current, and anti-fouling nature. There is a great interest in 

understanding how best to tailor the growth parameters to tune the interfacial capacitance, surface 

chemistry and bulk electronic properties in ta-C:N electrodes. Characterizing the material 

properties of electrodes is critically important to understand and optimize the growth parameters 

to tune the electrode for a particular electrochemical application. 

This chapter is focused on the detailed characterization of physical, chemical and electronic 

properties of ta-C:Nx films with different nitrogen content and correlate how the microstructure 

(sp2/sp3), chemical composition (surface and bulk), and electronic properties correlate with 

electrochemical performance including available potential window, voltammetric background 

current and potential-dependent capacitance in RTILs. The electrochemical properties were 

investigated using cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS). 

Comparative measurements were made for glassy carbon (pure sp2 carbon) and BDD (pure sp3 

carbon). 

 

5.2 Materials and Method 

5.2.1 RTILs 

The ultrapure grade RTIL, 1-hexyl-3-methylimidazolium hexafluorophosphate 

[HMIM][PF6] (IL-0018-UP), was procured from a commercial source, IoLiTec (Ionic Liquids 

Technologies GmbH), Tuscaloosa, AL, ≥ 99.5% purity, water content below 100 ppm). Unless 

otherwise stated, the RTIL samples were mixed with activated charcoal (Sigma-Aldrich) and 

stirred vigorously using a magnetic plate for two days. Then, the samples were left undisturbed for 

two weeks to allow the charcoal powder to settle at the bottom of a 20-mL glass vial. The RTIL 
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was then filtered using a 0.2 µm Teflon syringe filter (Whatman) directly into the electrochemical 

cell. Approximately 0.5 mL of RTIL was used for each experiment. The RTIL sample was then 

heated at 70 °C for 60 minutes while purging with ultrahigh purity Ar (99.999%) at a high flow 

rate. The Ar gas was passed through drierite desiccants twice before introducing into the dry-N2 

filled glove box (Coy Laboratories). To remove any dissolved oxygen or carbon dioxide, the RTIL 

was sparged with ultrapure Ar at least 15 minutes prior to the experiments, and a blanket of Ar 

was maintained over the RTIL during the experiments. All glassware used was washed using 

Alconox/ultrapure water solution and then triply rinsed sequentially with deionized water, 

isopropanol, acetone, and ultrapure water, and finally dried in an oven at 150 °C for at least 12 h 

before use. All preparation and the electrochemical measurements were done in a dry N2 purged 

glove box (Coy Laboratories, Grass Lake, MI). The relative humidity in the glove box was 

maintained at 0.0 % or below the detection limit (0.1%) of a digital hygrometer. 

 

5.2.2 Electrodes 

5.2.2.1 Nitrogen-Incorporated Tetrahedral Amorphous Carbon Thin Film Electrodes 

The ta-C:N films were grown on a boron-doped Si (111) (Virginia Semiconductor, 

Fredericksburg, VA; 10-3 Ω-cm using a Laser-Arc physical vapor deposition system at the 

Fraunhofer Center for Coatings and Diamond Technologies, MSU. The deposition method is based 

on laser-controlled, high-current cathodic vacuum arc deposition [5–9]. A pulsed-laser beam is 

rastered across a rotating high-purity graphite target that serves as the cathode. Each laser pulse 

generates small localized plasma that delivers free charge carriers for the arc discharge. The arc 

discharge lasts only 125 µs before the laser triggers a new, staggered plasma across the graphite 
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cathode. This discharge consists of highly ionized C atoms and small ionized carbon atom clusters 

that are accelerated toward the substrate (grounded mode). This process produces hard (30 – 60 

GPa) and dense ta-C films. The substrate-target distance was approximately 30 cm. The substrates 

were rotated during the growth to obtain uniform film deposition. The arc evaporation is associated 

with the emission of microparticles of carbon originating from the graphite drum (i.e., cathode 

surface) [9]. These particles can get incorporated into the growing film and impact surface 

roughness. The nitrogen-incorporated films were deposited in the presence of N2 gas at a flow rate 

of 10, 30 and 50 sccm, a pulse rate of 350 Hz and a peak arc current of > 100 A. Increased levels 

of nitrogen in the chamber leads to increased nitrogen incorporation into the film and increased 

electrical conductivity [10–12]. The substrate temperature during the deposition was below 100 

°C. The film growth rate was 2-3 µm/h. 

 

5.2.2.2 Boron-Doped Diamond Electrodes 

The boron-doped nanocrystalline diamond (BDD) thin-films were grown on a p-Si (111) 

substrate (Virginia Semiconductor, Inc. Fredricksburg, VA, ~ 0.001 W-cm) by microwave-assisted 

chemical vapor deposition (CVD).  A commercial 1.5 kW reactor (Seki Technotron) was used [6]. 

The silicon substrate was seeded ultrasonically with nanodiamond particles from an Opal seed 

suspension (Adámas Nanotechnologies Inc., Raleigh, NC) for 30 minutes in a glass beaker. This 

suspension contains aggregates (~30 nm) of detonation diamond particles in dimethyl sulfoxide 

(DMSO). The seeded substrate was then rinsed 3x with ultrapure water followed by wick-drying 

using a Kimwipe and full drying with a stream of N2 before being placed in the CVD reactor for 

overnight pump-down. The BDD film was grown using methane diluted in hydrogen (C/H = 1%, 
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v/v) at a total gas flow rate of 200 sccm (standard cubic centimeter per minute), a system pressure 

of 35 Torr, an estimated substrate temperature near 825 °C, and a growth time of 5-6 h. Boron 

doping was accomplished by adding 0.1% (v/v) diborane in hydrogen to the source gas, producing 

a gas-phase concentration of 10 ppm. After deposition, the methane and diborane flows were 

stopped, and the coated substrate was cooled under a hydrogen plasma for 30 min by slowly 

reducing the power and pressure down to 150 W and 10 Torr. This post-growth cooling step is 

critical to minimize the formation of sp2-bonded carbon at the surface that would result from the 

desorption of surface hydrogen (T ~ 450 °C) and reconstruction of the surface carbon atoms if the 

plasma was extinguished at the growth temperature [13]. The cooling step in atomic hydrogen is 

critical for maintaining a hydrogen-terminated surface [14]. The doping level was estimated to be 

in the low 1021 cm-3 range based on Raman spectroscopy and Hall effect measurement data of 

other films deposited using similar conditions [15]. Film thicknesses were 2 - 4 µm, as estimated 

by the change in weight of the substrate after film deposition and cross-sectional SEM 

micrographs. 

 

5.2.2.3 Glassy Carbon Electrodes 

 The glassy carbon (GC-20, Tokai Ltd.) electrode was polished with 1.0, 0.3 and 0.05 µm 

diameter Micropolish II alumina powder (Buehler) on microcloth PSA (Buehler) pads, 

sequentially with ten minutes of each step. The alumina powder was slurried with deionized water, 

and the polishing was performed manually in an ‘eight’ digit shape with slight pressure on the 

electrode [16]. The electrode was rinsed with deionized water to remove alumina powder debris 

and sonicated in isopropanol for ten minutes after each polishing step. Finally, the electrode was 
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rinsed with copious deionized water and ultrasonically cleaned for 20 minutes to remove any 

polishing debris. The electrodes were immediately used for the electrochemical measurements. 

 

5.2.3 Characterization Techniques 

5.2.3.1 Visible Raman Spectroscopy 

Visible Raman spectroscopy was performed using a Renishaw in Via Reflex Confocal Raman 

microscope equipped with a Nd:YAG laser source. The excitation wavelength was 532 nm. 

Spectra were acquired with Wire Interface software using a laser power of 0.45 W (1% of 45W 

maximum power) at the sample and 1800 lines mm-1 grating. Spectra were acquired at single spots. 

The typical integration time per spectrum was 10 s. The Raman spectrometer was calibrated with 

a Type IIa single-crystal diamond standard (phonon line at 1332 cm-1). The Raman spectra of ta-

C:Nx films were fitted using Voigt (Gaussian/Lorentzian, 0.8) function peak. 

 

5.2.3.2 X-ray Photoelectron Spectroscopy 

The chemical composition of the BDD films in the near-surface region was determined 

using X-ray photoelectron spectroscopy (XPS). XPS spectra were recorded using a Perkin-Elmer 

PHI 5400 ESCA system with a high-intensity monochromatic X-ray source (Al Kα). Samples were 

analyzed at a base pressure of 10-9 Torr with a take-off angle of 45 ° using a pass energy of 29.35 

eV. The X-ray power was 350 W, and scans were acquired over a 250 µm2 area. The instrument 

was calibrated using the C1s peak for HOPG (highly ordered pyrolytic graphite) at 284.5 eV as an 

internal reference. The atomic percentage of each element was calculated from the peak areas 
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divided by relative sensitivity factors for the PHI 5400 system. The deconvolution of core-level 

spectra was accomplished using MultiPAK v.8.2.0. Software. The spectra were fit to a Gaussian-

Lorentzian (G/L = 0.8) peak shape after Shirley background correction to calculate the elemental 

atomic ratios. 

 

5.2.3.3 High-Resolution Transmission Electron Microscopy (HR-TEM) 

HRTEM images were collected using a field-emission microscope (JEOL-2200FS, Tokyo, 

Japan) operating at 200 kV. A Gatan 1024 x 1024 UltraScan 4000 CCD camera was used to capture 

digital HR-TEM images. 

 

5.2.3.4 Electron Energy Loss Spectroscopy (EELS) 

Small-spot EELS measurements were made in scanning transmission electron microscopy 

mode (STEM). A Cu grid was used as a substrate. The ta-C:Nx films were grown directly on the 

Formavar (carbon-coated Cu grid), Ted-Pella#01883-F. The grid had holes of   ̴1µm diameter with 

 ̴ 4 µm spacing in between the holes. The thin sections of ta-C:N film hanging freely in between 

the voids were used to collect the HR-TEM images. Multiwalled carbon nanotubes (CNTs) were 

used as a standard for sp2 carbon. To minimize contamination, the measurements were performed 

at liquid nitrogen temperature. The sp2 content was calculated from peak area under π* and σ* 

excitations with peak center at 285 and 291.1 eV, respectively [17]. 

!"# =
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5.2.4 Electrochemical Techniques 

A single-compartment glass cell was used in a three-electrode measurement configuration 

[18]. The working electrode (BDD) was clamped to the bottom of the cell. The backside electrical 

contact was made to the BDD electrode by scratching the conducting p-Si substrate with SiC 800 

grit paper, and then cleaning and coating the area with a layer of carbon from a pencil. This 

procedure produces a good ohmic contact between the working electrode and a copper current 

collector plate. A Viton™ O-ring between the cell and the working electrode defined the exposed 

geometric area of 0.2 cm2. The counter electrode was a high purity platinum wire (0.5 mm diam.) 

sealed in glass, and a large area, spiral silver wire served as the quasi-reference electrode (Ag 

QRE). The potential of the Ag QRE in 0.5 mol L-1 H2SO4 was 130 ± 4 mV vs. Ag/AgCl (3M KCl). 

Approximately 0.5 mL of ionic liquid was used for an experiment. Ar gas (99.9999% Praxair Inc.) 

blanketed the RTIL during an experiment with all the electrochemical experiments being 

performed at room temperature in a dry N2-purged vinyl glove box. All glassware was washed 

with detergent and then rinsed sequentially with deionized water, isopropanol, acetone, and 

ultrapure water, and finally, dried in an oven at 150 °C for at least 12 h before use. The ultrapure 

water was obtained by passing house deionized water through a Barnstead E-Pure System (ion 

exchange and activated carbon columns, Thermo Scientific, USA). The ultrapure water had an 

electrical resistivity of > 17 MW-cm. 

 

5.2.4.1 Cyclic Voltammetry 

Cyclic voltammetry (CV) measurements were made using a computer-controlled 

potentiostat (Model 660D, CH Instruments Inc., Austin, TX). CVs were recorded as a function of 
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scan rate (0.01, 0.03, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5 Vs-1) and the capacitance was calculated from the 

slope of background current at 0.2 V vs. scan rate plots using equation, 

/0123042 = 5678                                                   (i) 

where javerage (A cm-2) is average background current density from the positive-going and 

negative-going sweeps at a specific potential, Cdl (F cm-2) is the double-layer capacitance, and ν 

(V s-1) is the potential scan rate. 

 

5.2.4.2 Electrochemical Impedance Spectroscopy 

Electrochemical impedance spectroscopy (EIS) was performed at different applied DC 

potentials using a broad frequency spectrum from 0.1 to 105 Hz with 20 data points collected per 

decade. A sinusoidal perturbation voltage of 10 mV (rms) was added to each negative-to positive-

going DC applied potential in 200 mV increments. An equilibration time of 200 s was allowed 

before the acquisition of the impedance data at each potential. The full frequency EIS data were 

analyzed in the Nyquist plane using the CPE-based electrical equivalent circuit shown in Figure 

5.1. Rs represents bulk electrolyte resistance and any electrode ohmic resistance in series with a 

parallel-connected constant phase element (CPE), Chf is the high-frequency capacitance associated 

with the external electrical leads. As mentioned, the origin of Chf is the capacitance that arises from 

the connecting electrical leads [19]. Chf is usually in the range of nF and is potential-independent 

at the higher frequencies. 
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In the Nyquist plot format, a pure capacitor exhibits frequency-independent impedance and 

produces a straight vertical line along the Z´´(imaginary) – Z´ (real) plane in this plot. 

Polycrystalline electrodes are well known to exhibit a capacitance dispersion with frequency due 

to the atomic scale defects (steps, kinks, dislocations) and surface roughness (corrugations, 

grooves) that lead to inhomogeneities in the current density and local distribution of response time 

constants [38, 39]. The simplest way to compensate for this inhomogeneity is to use a CPE element 

that accounts for the frequency-dependent capacitance according to:  

                                                            9:;<	 = 	
=

>(?.#AB)C
                                                               (2) 

where ZCPE is the impedance for a CPE element in Ω, f is AC frequency in Hz, Q is the 

effective capacitance for a CPE element in Ω-1 sα and a is 1 for an ideal capacitor whose phase 

angle of -90° and less than 1 for a phase angle less than (-90°*α). EIS measures the total impedance 

response of the system. To separate impedance of individual components, one must interpret the 

impedance data based on the behavior of an appropriate equivalent electrical circuit. At lower 

frequencies, the capacitor gets charged, and the current increases at a decreasing rate, as predicted 

>>CPE

Rs

||
Chf

Figure 5.1. The representative electrical equivalent circuit that was used to fit the full-
frequency impedance data. 
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by the circuit’s time constant. At higher frequencies, the capacitor acts as a short, and the resistance 

dominates the system. This inflection point is known as “knee frequency”. 

 

5.3 Results 

5.3.1 X-ray Photoelectron Spectroscopy (XPS) 

XPS was used to determine the sp2 and sp3 bonded carbon ratio in the films and the atomic 

O, N, and C signals in the near-surface of the ta-C:N films. Figure 5.2 compares the elemental 

survey scans for ta-C:N0 (black curve), ta-C:N10 (red curve), ta-C:N30 (blue curve), and ta-C:N50 

(pink curve) films. The highlighted regions show binding energy for C1s (280 to 292 eV), N1s 

(394 to 406 eV), and O1s (528 to 536 eV). No other element was observed at a detectable level. 

 

 

 

Table 5.1 shows the relative elemental composition of ta-C:Nx films. A low level of surface 

oxygen (9 to 12%) was observed due to exposure to the laboratory air for extended periods before 

XPS measurements. The oxygen levels are relatively constant for all ta-C:Nx films. However, the 

0 200 400 600 800 1000

O1sN1s

C1s

ta-C:N50

ta-C:N30

ta-C:N10

Binding Energy (eV)

ta-C:N0

Figure 5.2. XPS survey spectra of ta-C:N0 (black curve), ta-C:N10 (red curve), ta-C:N30 (blue 
curve), and ta-C:N50 (pink curve) films over a wide energy range from 0 to 1100 eV. The 
highlighted areas represent C1s, N1s, and O1s region ca. 285, 400, and 530 eV, respectively. 
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nitrogen atomic ratio (N/C) increases from ca. 1 to 4, 6, and 8 % for ta-C:N0, ta-C:N10, ta-C:N30, 

and ta-C:N50, respectively. The relatively constant O/C and increasing N/C ratio with increases in 

the flow of nitrogen during growth can be distinctly observed in Figure 5.3. 

Table 5.1. Summary of the relative elemental composition of ta-C:Nx films calculated using XPS. 
The % ratios were calculated by integrating the peak area for the respective elements. Shirley 
background subtraction method was used to define the baseline. 

 

 

 

  

Figure 5.4 shows deconvoluted XPS spectra of C1s energy region for (A) ta-C:N0, (B) ta-

C:N10, (C) ta-C:N30, and (D) ta-C:N50. Deconvolution of C1s peak reveals two dominant signals at 

283.6 eV, which is assigned to sp2 C and at 284.6 eV, which corresponds to sp3 C. Three other 

peaks were observed for C-N, C=N, and C=O functional groups at ca. 285.5, 286.6, and 287.5 eV 

respectively. Table 5.2 shows relative peak area (%) of these functional groups for ta-C:Nx films. 

0 10 20 30 40 50
0.00

0.04

0.08

0.12

0.16

0.20

 

 

 O1s/C1s
 N1s/C1s

A
to

m
ic

 ra
tio

Flow rate of Nitrogen (sccm)

Figure 5.3. Plots of  the N/C (●) and O/C (■) atomic rations as a function of nitrogen flow rate 
during the growth of ta-C:Nx films. The ratios were calculated from C1s, N1s and O1s peak 
area integration. The error bar represents standard deviation. (n = 2). 
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The relative area of sp2 peak increases from 55.4% for ta-C:N0 to 63.2% for ta-C:N10, 67.3% for 

ta-C:N30, and 69.74 % for ta-C:N50. Consequently, the peak area for sp3 carbon decreases from 

35.55% for ta-C:N0 to 25.13% for ta-C:N10, 21.49% for ta-C:N30, and 20.59% for ta-C:N50  with 

increasing nitrogen flow rate during film growth. The higher-binding-energy components 

correspond to carbon-nitrogen (C-N and C=N) and carbon-oxygen (C=O) functional groups. 

Importantly, more nitrogen was observed at the surface for the films grown with a higher nitrogen 

flow rate during deposition, and the sp2 C component increased with the nitrogen content at the 

surface [20]. 
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Figure 5.4. Deconvoluted peak fits of core C1s energy region of the XPS spectra showing sp2 

C, sp3 C, C-N, C=N and C=O functional groups for ta-C:Nx films: (A) ta-C:N0, (B) ta-C:N10, 

(C) ta-C:N30, and (D) ta-C:N50. 

 



 139 

Table 5.2. Details of C1s peak components for ta-C:Nx= 0, 10, 30, 50 thin films. 

 

 

Figure 5.5 shows the deconvoluted core N1s peak fits for nitrogen-oxygen and nitrogen-

carbon functional groups. ta-C:N0 film (A) shows two major components at 398.5 and 400.4 eV 

corresponding to C≡N (34.8%) and C=N (65.2%) groups, respectively. ta-C:N10 (B) shows three 

components at 397.5, 398.8, and 400.5 eV and are assigned to C-N (23.6%), C≡N (71.1%) and 

C=N (5.3%), respectively [21]. ta-C:N30 (C) shows three components at 397.4, 398.6, and 400.8 

eV and are assigned to C-N (9%), C≡N (56.2%) and C=N (34.8%), respectively [21].  ta-C:N30 

(D) films also shows three components at 397.6, 398.9, and 400.6 eV, which are assigned to C-N 

(33.2%), C=N (58.9%), and C≡N (8%), respectively. 

ta-C:N0
Peak 
(eV)

FWHM 
(eV)

Peak 
Area (%)

Chemical 
bond

283.46 1.36 55.37 C-C sp2

284.26 1.25 35.55 C-C sp3

285.54 1.25 4.47 C-N
286.66 1.25 2.13 C=N
287.68 1.25 2.48 C=O

ta-C:N10
Peak 
(eV)

FWHM 
(eV)

Peak 
Area (%)

Chemical 
bond

283.61 1.39 63.72 C-C sp2

284.64 1.26 25.13 C-C sp3

285.61 1.26 6.34 C-N
286.75 1.26 2.41 C=N
287.76 1.26 2.40 C=O

ta-C:N50

Peak 
(eV)

FWHM 
(eV)

Peak 
Area 
(%)

Chemical 
bond

283.61 1.58 69.74 C-C sp2

284.74 137 20.59 C-C sp3

285.83 1.37 5.4 C-N
286.96 1.37 2.3 C=N
287.95 1.37 1.96 C=O

ta-C:N30
Peak 
(eV)

FWHM 
(eV)

Peak 
Area (%)

Chemical 
bond

283.62 1.45 67.32 C-C sp2

284.68 1.33 21.49 C-C sp3

285.80 1.33 5.32 C-N
286.99 1.33 2.62 C=N
287.72 1.33 3.25 C=O
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Figure 5.6 shows the deconvoluted core O1s peak fits for oxygen-carbon functional groups. 

ta-C:N0 film (A) shows two major components at 531.2 and 532.3 eV corresponding to O=C sp2 

(70.8%) and OH-C sp3 (29.2%) groups, respectively [20]. ta-C:N10 (B) shows two components at 

531.0 eV and 532.34 eV and are assigned to O=C sp2 (62.6%), OH-C sp3 (37.4%), respectively. 

ta-C:N30 (C) shows two components at 531.0 eV and 532.2 eV and are assigned to O=C sp2 

(59.3%), OH-C sp3 (40.72%).  ta-C:N30 (D) films also shows two components at 531.1 and 532.2 

eV, which are assigned to O=C sp2 (62.16%), OH-C sp3 (34.8%). 
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Figure 5.5. Deconvoluted peak fits of core N1s energy region of the XPS spectra showing 
nitrogen-oxygen and nitrogen-carbon functional groups for ta-C:Nx films: (A) ta-C:N0, (B) ta-
C:N10, (C) ta-C:N30, and (D) ta-C:N50. 
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Table 5.3 compares the relative atomic ratio of sp2/sp3-bonded carbon on the surface of ta-

C:Nx films. The sp2 carbon content increases from 1.56% for ta-C:N0, to 2.54% for ta-C:N10, 3.13% 

for ta-C:N30, and 3.39% for ta-C:N50. The XPS data reveal that the sp2-bonded carbon on the 

surface of ta-C:Nx films increases significantly with the nitrogen content. 

 

 

 

528 530 532 534 536

Binding Energy (eV)

528 530 532 534 536

Binding Energy (eV)

528 530 532 534 536

Binding Energy (eV)
528 530 532 534 536

Binding Energy (eV)

A B

C D

O = C sp2

O = C sp3 O = C sp3

O = C sp2

O = C sp2

O = C sp3

O = C sp3

O = C sp2

Figure 5.6. Deconvoluted peak fits of core O1s energy region of the XPS spectra showing 
oxygen-sp2 C and oxygen-sp3 C functional groups for ta-C:Nx films: (A) ta-C:N0, (B) ta-C:N10, 

(C) ta-C:N30, and (D) ta-C:N50. 
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Table 5.3. Summary of XPS data showing sp2/sp3 carbon content calculated from deconvoluted 
spectra of C1s for ta-C:Nx thin-films electrodes. (n = 6). 

 

 

5.3.2 Raman Spectroscopy 

Visible Raman spectroscopy was used to probe the microstructure of the three-electrode 

films used in the study. Figure 5.6 shows the visible Raman spectra for BDD (blue curve), GC 

(black curve), and ta-C:N30 (red curve) electrodes in the range of 100-1900 cm-1. These spectra are 

representative of six spectra recorded at the outer four quadrants and center of the films. The 

spectra obtained at different spots overlap. This indicates that the microstructure is uniform across 

the electrode. Multiple peaks were seen for BDD. The BDD spectrum shows intense sharp peaks 

at 520 and 1328 cm-1 with FWHM of 11.5 cm-1 accompanied with broad shoulder peaks at 980 

and 1215 cm-1. The first-order signature diamond phonon line is observed at 1332 cm-1 [22]. This 

peak is usually shifted to lower wavenumbers for heavily-doped diamond films. For these films, it 

is shifted to 1328 cm-1, indicative of intrinsic stress in the film due to boron incorporation [23]. 

This shift is accompanied by an increase in intensity at 488 and 1215 cm-1 [22]. The scattering at 

488 cm-1 overlaps with the signal from Si substrate at 520 cm-1. This peak increases with boron 

doping levels and has been assigned to the vibration modes of boron dimers and clusters [24] [25]. 

The peak at 1215 cm-1 arises due to defects in the diamond lattice brought about by high doping 

levels, mainly due to carbon-boron complexes. The broad shoulder ca. 1100 cm-1 and its 

Sample sp2/sp3 C Std. deviation 
(n =3)

ta-C:N0 1.56 0.406

ta-C:N10 2.54 0.041

ta-C:N30 3.13 0.440

ta-C:N50 3.39 0.071
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companion peak at 1470 cm-1 has been assigned to polymeric sp2 carbon phases in the grain 

boundaries [26]. Finally, a broad shoulder at 1560 cm-1 arises due to scattering by some crystallite 

graphite that increases with boron doping levels [22]. Thus, the Raman spectrum of BDD is 

indicative of a heavy-doped nanocrystalline microstructure that is uniform across the film. 

 

 

 

The Raman spectrum for GC displays two distinct broad peaks between 1200 and 1700 

cm-1, as shown in Figure 5.7. These two peaks are characteristic of amorphous graphitic carbons 

[27]. The peak ca. 1340 is called disorder-induced or D band [28] is due to a disorder-allowed A1g 

breathing mode of sp2 carbon atoms in six-membered rings. Another peak ca. 1580 cm-1 is known 

as graphitic or simply G band, and it arises due to optical phonon mode with E2g symmetry linked 

with an in-plane C-C stretching of sp2-bonded carbon atoms in rings and chains [29]. 

ta-C:N30 electrode shows a broad asymmetric peak centered ca. 1530 cm-1. The Raman 

spectrum is dominated by modes of graphitic lattice, D, and G bands because sp2 carbon has a 50 

to 230x higher scattering coefficient as compared to sp3 carbon (9 x 10-7 for diamond, and 500 x 

300 600 900 1200 1500 1800

1328 cm-1
1215 cm-1

D band
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Glassy carbon

ta-C:N

Raman Shift (cm-1)

G band

520 cm-1

Figure 5.7. Visible Raman spectra of boron-doped diamond (blue curve), glassy carbon (black 
curve), and ta-C:N30 (red curve) thin-film electrode. 
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10-7 cm-1/sr for graphite) [30,31]. Thus, the excitation of π state is more pronounced in the Raman 

spectra. 

To learn about the effect of nitrogen incorporation in ta-C:Nx films, Raman spectra were 

compared for ta-C:Nx as shown in Figure 5.7. The peak becomes more asymmetric with increasing 

nitrogen content as the scattering intensity ca. 1350 cm-1 increases. This trend is indicative of an 

increasing fraction of sp2-bonded carbon in the films. The increase in asymmetry and broadening 

is accompanied with a slight shift in the center of G band towards lower wavenumbers. Table 5.4 

compares the G band center, full width half maximum (FWHM), and intensity of D band 

(ID)/intensity of G band (IG) for the ta-C:N films. While the G band shifts to lower wavenumbers 

accompanied with a decrease in FWHM, the ratio of intensity of D and G band increases as the 

nitrogen content in the film increases. More importantly, the characteristic feature of these spectra 

is the increase in the ID/ IG and a decrease in the FWHM of D band. Figure 5.8 shows increase in 

the ID/ IG ration from 0.31 (for ta-C:N0) to 0.56 (ta-C:N10), 1.42 (ta-C:N30), and 1.39 (ta-C:N0). 
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Figure 5.8. Visible Raman spectra of ta-C:Nx thin-film electrodes grown in the presence of 
different levels of nitrogen flow rate, ta-C:N0 (black curve), ta-C:N10 (red curve), ta-C:N30 (blue 
curve), and ta-C:N50 (pink curve). 
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Table 5.4. Summary of visible Raman data for ta-C:Nx thin-films electrodes deposited in the 
presence of 0, 10, 30 and 50 sccm nitrogen. The G band peak center, FWHM, and ID/IG ratios were 
compared. 

 

 

 

 

 

5.3.3 Electron Energy Loss Spectroscopy (EELS) 

The carbon K-edge spectra were collected at 20 spots for ta-C;Nx films. The spectra are 

shown in Figure 5.10A for ta-C:N0 (black curve), ta-C:N10 (red curve), ta-C:N30 (blue curve), and 

ta-C:N50 (pink curve). The spectra exhibit mixed characteristics of π* and σ* excitations. The area 

between 280 and 285 eV is reflective of sp2-bonded carbon, while the area between 285 to 291.2 

eV is characteristic of sp3-bonded carbon [17]. A ratio of area under π/σ region is an estimate of 

Sample G band center 
(cm-1) FWHM (cm-1) ID/IG

ta-C:N0 1560.78 ± 0.41 283.54 ± 1.49 0.31 ± 0.01
ta-C:N10 1554.30 ± 0.41 270.80 ± 2.16 0.56 ± 0.02
ta-C:N30 1550.60 ± 1.09 237.25 ± 2.94 1.42 ± 0.03
ta-C:N50 1550.18 ± 0.35 237.08 ± 2.12 1.39 ± 0.01
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Figure 5.9. Plot of intensity of D band (ID)/intensity of G band (IG) calculated from visible 
Raman spectra of ta-C:Nx thin-film as a function of different levels of nitrogen flow rate during 
growth. 
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sp2/sp3 content in the film. Corresponding values of sp2/sp3 carbon content are shown in Figure 

5.10B. The fraction of sp2 carbon increases with the nitrogen content. 

 

 

 

 

5.3.4 High-Resolution Transmission Electron Microscopy (HR-TEM) 

HR-TEM was used to obtain insights into the morphological features of the films, 

specifically the location and ordering of sp2 and sp3 carbon domains. Representative HR-TEM 

images are shown in Figure 5.11 for ta-C:N0, ta-C:N10, ta-C:N30, and ta-C:N50 films.  An interlayer 

spacing of 0.354 nm corresponds to sp2 carbon, and 0.20 nm corresponds to sp3 carbon. Contiguous 

paths with wavy lattice fringes can be seen. The images show randomly oriented, disordered 

carbon domains. The curled structures indicated by arrows represent interlayer spacing of around 

0.36 nm and 0.20 nm corresponding to graphitic and sp3 carbon, respectively. While the images 

mostly depict heterogeneous microstructure throughout the film, some clusters of ordered domains 

(1-4 nm long) that are arranged in stacks were observed as demarked by red color rectangular 

frames. No pattern was observed in the distribution of ordered domains. The blue color rectangular 
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Figure 5.10. Electron energy loss spectra (EELS) at the C-K edge for ta-C:N0 (black curve), 
ta-C:N10 (red curve), ta-C:N30 (blue curve), and ta-C:N50 (pink curve). (B) Corresponding 
sp2/sp3 ratio calculated from peak area under π* and σ* excitations as a function of ta-C:Nx 
films deposited with 0, 10, 30 and 50 sccm nitrogen. The error bars represent standard deviation 
for 12 measurements. 
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frames indicate regions where interlayer spacing was close to that of graphite. Overall, the films 

are amorphous in nature with irregular interplanar spacing between neighboring atoms and ripple-

like structures throughout the film. 

 

 

 

 

 

 

ta-C:N0
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2 nm

Figure 5.11. Representative HR-TEM images of different regions of ta-C:N0, ta-C:N10, ta-
C:N30, and ta-C:N50 films. The red and blue colored rectangular frames represent domains with 
interlayer spacing close graphite and diamond, respectively. The arrows indicate rippled-like 
microstructure. 
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5.3.5 Cyclic Voltammetry 

Figure 5.12 shows comparison of background voltammetric current for BDD, ta-C:N0, ta-

C:N10, ta-C:N30, ta-C:N50 and GC electrodes in [HMIM][PF6] recorded at 0.1 Vs-1. A current 

density of 80 µAcm-2 was used to choose the electrochemical potential window. The BDD, ta-

C:N0, ta-C:N10, ta-C:N30, ta-C:N50, and GC electrodes give a potential window of 6, 4.5, 4.5, 4.0, 

3.5, and 3.0 V vs. Ag QRE, respectively, in [HMIM][PF6]. A 2 V potential window was chosen to 

further investigate the capacitive processes. 

 

 

 

 

Figure 5.13 compares the scan rate-dependent voltammetric currents for ta-C:N0, ta-C:N10, 

ta-C:N30, ta-C:N50 in [HMIM][PF6]. The current density increases linearly (R2 > 0.998) with scan 
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Figure 5.12. Cyclic voltammetric j-E curves for BDD (black curve), ta-C:N0 (red curve), ta-
C:N10 (blue curve), ta-C:N30 (pink curve), ta-C:N50 (green curve), and glassy carbon (yellow 
curve) electrodes in [HMIM][PF6]. The corresponding potential windows for BDD, ta-C:N0, 
ta-C:N10, ta-C:N30, ta-C:N50, and GC are 6, 4.5, 4.5, 4.0, 3.5, and 3.0 V vs. Ag QRE, 
respectively. Scan rate = 0.1 Vs-1. 
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rate (0.01 to 0.5 Vs-1). The capacitive current of ta-C:Nx electrodes increase with the nitrogen 

content in the film. The background current density recorded at 0.1 Vs-1 increases from 1.55 µAcm-

2 for ta-C:N0 to 1.87, 2.13 and 2.61 for ta-C:N10, ta-C:N30, and ta-C:N50, respectively. A slope of 

unity establishes a pure capacitive current. The capacitance calculated from background 

voltammetric current density vs. scan rate increases from 12.84 to 14.85, 16.63, and 20.55 for ta-

C:N0, ta-C:N10, ta-C:N30 and ta-C:N50, respectively. 

 

 

 

Figure 5.14 shows current density at 0.2 V vs. scan rate plots on the log scale to find out if 

the current densities follow trends for a pure capacitive process. A slope of unity is indicative of a 
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Figure 5.13. Cyclic voltammetric j-E curves for (A) ta-C:N0 (B) ta-C:N10 (C) ta-C:N30 and 
(D) ta-C:N50  thin-film electrodes in [HMIM][PF6] as a function of scan rate (0.01 to 0.5 Vs-

1). The scale of y-axis (current density) is kept constant for comparison purposes. 
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pure capacitive charging and discharging of the interface. These plots demonstrate an excellent 

linear relationship with a slope of 0.81 to 0.86 with R2 > 0.999. 

 

 

 

5.3.6 Electrochemical Impedance Spectroscopy 

The admittance data were modeled using the equivalent electrical circuit shown in Figure 

5.1. The impedance was analyzed in the complex admittance plane as it is known to be more 

sensitive to the capacitive processes. The following equation was used to calculate capacitance (Q) 

of a constant phase element (CPE) from the admittance, Y0 = 1/Z-1: 

DEFGHIJKL(IMN)(ω) = jωC + =
RSTUV∙XYC∙Z[F\

C]
^ _G?UV∙X

YC ∙F`a\C]^ _
                             (ii) 

 

where Rs represents the uncompensated ohmic resistance of bulk electrolyte connected in 

series with a parallel-connected high-frequency capacitor (Chf) and a constant phase element 

(CPE), representing a non-ideal capacitor with Z0 being equivalent to Q0-1 and 0 < b	<1 denotes 

the CPE exponent. The b parameter relates the homogeneity of CPE with b =1 for a pure capacitor. 

0.01 0.1 1

1

10

 

 

Lo
g 

C
ur

re
nt

 D
en

si
ty

 (µ
A

cm
-2

)

Log Scan rate (Vs-1)

 ta-C:N50/[HMIM][PF6]
 ta-C:N30/[HMIM][PF6]
 ta-C:N10/[HMIM][PF6]
 ta-C:N0/[HMIM][PF6]

Figure 5.14. Log-log plot of current density, j, at 0 V vs. scan rate, ν, in [HMIM][PF6]. 
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The impedance data were validated using Kramers-Kronig test [19]. Figure 5.15 shows a depressed 

semi-circle with deviation at frequencies > 21 kHz, observed as a vertical spike demarked by the 

red circle. 

 

 

 

Figure 5.16 shows capacitance-potential trends for ta-C:N0, ta-C:N10, ta-C:N30 and ta-

C:N50 in [HMIM][PF6]. The capacitance for ta-C:N0 varies from 7.65 to 9.75 µFcm-2. It changes 

from 10.56 to 11.00 µFcm-2 for ta-C:N10, 12.30 to 14.06 µFcm-2 for ta-C:N30, and 11.55 to 12.94 

µFcm-2 for ta-C:N50 electrodes. 
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Figure 5.15. Representative admittance plot of ta-C:N30 in [HMIM][PF6] at 0.1 V vs. Ag QRE. 
The black dash line represents fit to the equivalent circuit. The red circle demarks the 
impedance data in high frequency range (> 21 kHz) that corresponds to Chf element. 
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Lastly, the impedance data were used to extract information on time constants of the 

electrochemical system [32–34]. Roling and co-workers [33] have suggested Cole-Cole analyses, 

which use the capacitance term and τ as the fitting parameters. The data are fit in the complex 

capacitance plane using the empirical equation. 
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Figure 5.16. Capacitance-potential (C-E) profiles for (A) ta-C:N0 (B) ta-C:N10 (C) ta-C:N30 
and (D) ta-C:N50  thin-film electrodes in [HMIM][PF6]. The C-E profiles were generated using 
the impedance data in the full frequency (0.1 to 105 Hz) spectra. Mean values of capacitance 
taken from three independent sets of experiments were plotted. The error bars represent 
standard deviation for n =3. 
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where CEDL (µFcm-2 ) is a capacitive term for the electrical double layer, τEDL is time constant or 

double layer formation time (τEDL = RS.CEDL) in seconds, f represents frequency (Hz). α represents 

how ideal the capacitive process is (e.g. α =1 gives an ideal perfect semicircle in the admittance 

plot). When more than one capacitive process takes place at the interface, Cole terms are added in 

parallel in the complex plane (i.e. two Cole terms means two capacitive processes occur, and two 

CEDL and τEDL are used as fitting parameters. Figure 5.17 shows capacitance-potential trends for 

the two deconvoluted processes: CEDL (potential-dependent ‘fast’ process) and Cbulk (viscosity-

dependent ‘slow’ process). These correlations have been established by Roling and co-workers 

[33]. 

 

 

 

5.4 Discussion 

In this chapter, we have sought to systemically investigate the correlation between the 

physical, chemical, and electronic properties of ta-C:Nx electrodes with different nitrogen content 

and their electrochemical behavior in RTILs. Our data demonstrate how the nitrogen content of 

ta-C:Nx films affects the electrode microstructure (sp2/sp3) and chemistry (bulk as well as surface). 

Figure 5.17. Capacitance vs. potential profile for ta-C:N30 electrode in [HMIM][PF6] at 0.1 V 
vs. Ag QRE. The total capacitance (▲) term was deconvoluted into two capacitive processes 
CEDL (■) and Cbulk (●) using Cole terms in the complex plane impedance analyses. 
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To elucidate the effect of local chemical bonding, we employed XPS to obtain sp2/sp3 ratio in the 

near-surface region, and Raman and EELS in the bulk. The physicochemical properties of ta-C:N 

electrodes manifestly affect the electrochemical potential windows, voltammetric currents, and 

potential-dependent capacitance in a model RTIL, [HMIM][PF6]. 

ta-C:Nx thin films that were grown in the presence of different volumetric flow rates (0, 

10, 30, and 50 sccm) of nitrogen were used for the study. Increasing the flow rate led to greater 

incorporation of nitrogen in the films. XPS is a key technique that can be used to study chemical 

bonds between different carbon atoms. It can be used to obtain valuable information about the 

carbon films (a) elemental purity of the material over first 10-100 nanometer from the surface into 

the bulk of the material, (b) information on phase (diamond vs. graphite based on different work 

functions) using the deconvoluted components of the C1s peak [35], (c) identification of atoms 

such as oxygen, nitrogen or hydrogen, other than C, which may impact the chemistry and are 

bonded to carbon through single, double or triple bond. We used XPS to investigate the nature of 

carbon hybridization (sp2/sp3) at the surface as well as to quantify the heteroatoms (oxygen and 

nitrogen) bonded to the carbon atoms [36–40].  The data revealed that the nitrogen levels at the 

surface increase from 1% for films grown without nitrogen flow (i.e., at 0 sccm) to 8% for the ones 

grown at a nitrogen flow rate of 50 sccm. The ta-C:Nx films were characterized by an oxygen-rich 

sp2 bonded layer. The sp2 carbon content increases from 55.4 % (no nitrogen) to 70 % (ta-C:N50). 

Raman spectra revealed an increase in disorder as more nitrogen gets incorporated in the 

ta-C:Nx films. A broad asymmetric peak was observed centered around 1530 cm-1, which becomes 

more asymmetric with increasing nitrogen incorporation in the film. Furthermore, Raman spectra 

exhibit a decrease in the FWHM of G band with increasing nitrogen content in the films. A 

significant increase in the intensity of D band relative to the G band indicates a significant 
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restructuring of the carbon matrix that led to an increase in the disordered sp2 carbon phase due to 

nitrogen incorporation. 

The EELS spectra reveal an increase in sp2/sp3 carbon from 0.18 for no nitrogen to 0.35 

for ta-C:N50 film. EELS has been a standalone technique to quantify the sp2/sp3 content [41–46] 

in amorphous carbon films. It generates a signature spectrum for π* and σ* excitation states. The 

area under the π* and σ* energy window give sp2/sp3. This technique is based on the assumption 

that the nature of hybridization (sp2 or sp3-bonding) of carbon atom in ta-C:N is same as that in 

graphite and diamond. Based on measured spectra from these “standard” materials, a relative 

concentration of sp2/sp3 can be calculated. However, it should be noted that the p orbital in sp2 

hybrid can have some s character [47], which can affect the estimation of sp2/sp3 ratio. 

Furthermore, the high-resolution EELS spectra of ta-C:N films exhibit some additional resonance 

near the π* excitation peak, implying that the π bonding could be different in ta-C:N than in 

graphite [38,48]. However, the reason for this difference is still unclear. Therefore, although EELS 

presents a powerful tool to study carbon materials, it is not without its limitations.  

We note that the ratio of sp2/sp3 carbon varies in a wide range depending on the technique 

used. XPS data give1.56 to 3.39 for sp2/sp3 carbon on the surface. Raman data reveal ID/IG ratio 

varying 0.31 to 1.39 for no nitrogen to ta-C:N50. EELS spectra provide sp2/sp3 ratio from 0.18 to 

0.35 for no nitrogen and taC:N50, respectively. We found higher sp2 carbon on the surface while 

the bulk has higher fraction of sp3 carbon.  ta-C:N films are known to have fractional sp3 carbon 

content in the range of 40 to 60 %, depending on the level of nitrogen incorporated in the film 

[17,49]. It should be noted that the sp2/sp3 is an estimate, and the true value can depend on 

contributions from heteroatom (nitrogen in this case), which can affect the sp2/sp3 ratio 

significantly as C-N and N-N modes are also present in the probed spectral regions. However, 
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Raman and EELS spectra were interpreted without discriminating the contributions from 

heterocyclic microstructures of C-N and N-N modes. 

HRTEM images show sp2- and sp3-carbon rich phases separated by ripple-like 

microstructures for which the interlayer spacing lies between that of graphite and diamond. Some 

short-range ordered domains were observed. Overall, films are amorphous with some minimal 

crystalline domains on the nanometer scale. HRTEM images show significant structural 

heterogeneity at the sub-nanometer scale. We did not find any correlation or pattern between the 

relative strength of these features/domains and the nitrogen content. HRTEM images taken from 

spots far apart (on the scale of µm) on the films further capture the structural heterogeneity of the 

films. 

Cyclic voltammograms are featureless, indicative of clean electrodes and dry RTILs. The 

current density vs. potential (j-E) response has a characteristic rectangular shape principally 

ascribed to the non-faradaic charging currents. The background current increases linearly with the 

scan rate at all potentials. The capacitance of ta-C:N0 is ~ 8.7 µFcm-2 (closer to that of BDD in 

[HMIM][PF6]), whereas ta-C:N50 shows ~ 12.24 µFcm-2 in the same room temperature ionic liquid 

([HMIM][PF6] – closer to that of GC. 

The trends of potential-dependent capacitance reveal that the ta-C:N0 film exhibits 

characteristics of a p-type semi-conductor, as demonstrated by a sharp increase in the capacitance 

at positive potentials above 0 V vs. Ag QRE. As more nitrogen gets incorporated in the films, the 

density of states (DOS) increases, and C-E trends indicate semi-metallic behavior. Further increase 

in the nitrogen content does not change the shape of C-E trends. However, the magnitude of 

capacitance increases owing to more DOS available to support the charge carriers. It can be 
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concluded that 30 sccm film possesses enough electrical conductivity ideal to be used as an 

electrode. Higher levels of nitrogen do not necessarily increase the double-layer capacitance. The 

C-E trends for ta-C:N30 and ta-C:N50 films are qualitatively similar to those shown by BDD in the 

same RTIL, [HMIM][PF6]. The minimum capacitance lies close to -0.5 V vs. Ag QRE as it is on 

BDD films. 

 

5.5 Conclusions 

Nitrogen-incorporated ta-C amorphous films were grown using cathodic arc vacuum 

deposition method. Our results show that the nitrogen doping can be achieved even with low levels 

of nitrogen concentration in the gas mixture during the deposition of films. We have shown that 

XPS, Visible-Raman, EELS, can be used to derive structural information about the localized 

bonding in ta-C:Nx films. The nitrogen gets incorporated both on the surface as well as in the bulk. 

We learned that the differences in physical, chemical, and electrochemical properties are a 

consequence of different atomic ordering (graphite vs. diamond) and the content of nitrogen 

incorporated in the film. 

(i) We identified a sp2 carbon-rich layer on the surface using XPS. The surface reacts 

readily with the atmosphere and water to form carbon-oxygen functional groups to 

satisfy the dangling exposed sites on the surface. 

(ii)  Raman data suggest that nitrogen incorporation increases the disorder sp2 carbon phase 

in the film. The flow rate of nitrogen more than 30 sccm does not result in a further 

increase in the disordered sp2 carbon content. 
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(iii) EELS data reveal an overall higher fraction of sp3 carbon in the bulk. However, the 

sp2/sp3 fraction in the bulk increases with the nitrogen content. EELS data also indicate 

strong heterogeneity of films. With an increased understanding of complexity of π* and 

σ* excitation states, it is being assumed that the local chemical hybridization might be 

more complex than sp2 and sp3. 

(iv) The C-E trends suggest that the ta-C film with no nitrogen shows strong p-type 

characteristics. However, as nitrogen content increases, it compensates for the p-type 

properties in the disordered carbon matrix. 

(v) ta-C:Nx films are found to be structurally complex and exhibit substantial heterogeneity 

as evidenced by graphitic and diamond phases distributed widely throughout the film. 

This study highlights the significant role of dopant (nitrogen) incorporation on physical, 

chemical, electrical and electrochemical properties. The dopant (nitrogen) amount plays a 

significant role in the growth of amorphous taC:Nx films and it can be used to tune the sp2 to sp3 

carbon content. XPS, EELS and Raman analyses provide an estimate of sp2/sp3 hybridization in 

ta-C:Nx films. We provided insights on bulk and surface configurations along with some guidance 

regarding the differences in sp2/sp3 estimates using different characterization techniques. The 

physical, chemical and electrochemical properties need to be monitored at both the macroscopic 

and nanoscale. Further in-depth analysis is required to build a comprehensive understanding of the 

electrochemical heterogeneity and their origins in these novel electrode materials. 
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Chapter 6 

Conclusions and Future Outlook 

 

The principal focus of the research presented in this dissertation was to learn how room 

temperature ionic liquids (RTILs) form interfaces with nanostructured carbon electrodes and how 

these interfacial organizations depend on electrode microstructure (sp2, sp3, and sp2/sp3), surface 

chemistry (H- vs. O-termination), and RTIL size. The interfacial organization was studied as 

capacitance-potential (C-E) trends obtained using cyclic voltammetry, broadband electrochemical 

impedance spectroscopy (EIS), and single-frequency impedance measurements. 

In chapter 3, we validated that the bell-shape C-E trend as predicted by the theoretical 

models can be obtained on a metal electrode (Au) while boron-doped diamond (BDD) electrode 

exhibits an opposite, U-shape trend in the same RTIL, under similar experimental conditions and 

using similar measurement method. Further research is needed to understand the differences in 

how RTIL ions interact with metal vs. carbon electrodes. Unlike metals with an infinite density of 

states (DOS), carbon electrodes have doping level-dependent DOS to support the charge carriers 

at the surface. So, the contribution of the electronic phase within the solid electrode must be 

understood. It would be reasonable to expect that some potential drop takes place within the bulk 

phase of the BDD electrode. The C-E trends predicted by theoretical models cannot be directly 

compared with the experimental trends due to the inherent limitations of models such as the 

exclusion of complex interactions between RTIL ions and electrode surfaces. Many research 

groups have reported on strong interactions between tightly bound RTIL ions and electrode 

surfaces observed using in-situ AFM and STM measurements [1]. Some electrode surfaces, such 
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as single crystal Au, is known to undergo surface reconstruction and development of mirror 

charges at the interface [2] [3]. These disparities between theoretical and experimental C-E trends 

are an inspiration to understand the supposedly complex behavior of RTIL media in response to 

electrode polarization.  

The arrangement of ions in the innermost layer next to the BDD electrode make major 

contribution to the overall capacitance. This shows that the C-E trends are dictated not only by the 

electrode material but also by the inherent properties of RTILs (size of ions, viscosity, dielectric 

constants, concentrations, etc.). To better understand the interactions between the electrode surface 

and RTIL ions, we employed chemically modified BDD electrodes with varying type (H vs. O) 

and surface coverage of functional groups. The results from this investigation are described in 

Chapter 4. We learnt that any subtle change in the surface chemistry significantly affects the 

potential-dependent capacitance, which increases with the surface wettability. Since there is no 

dielectric spacer (i.e. solvent molecules) to separate the interactions between the BDD surface and 

RTIL ions, short-range interactions dominate, hydrophobic counterpart of RTIL ions ‘wets’ the 

hydrophobic hydrogen-terminated BDD more, and thus leads to an increase in capacitance. 

In Chapter 5, we focused on the effect of nitrogen content in tetrahedral amorphous (ta-

C:Nx) films on physical, chemical and electrochemical behavior of electrodes in RTILs. We 

showed that the chemical hybridization (sp2/sp3) can be controllably tuned by varying the nitrogen 

content during the film deposition. The capacitance increases with the sp2 carbon content in the 

films due to more nitrogen incorporation. ta-C:Nx films are known to be electrically and 

electrochemically heterogeneous. Some sp2 carbon-rich domains are expected to be present on the 

surface separated by sp3 carbon-rich domains. The electrochemical behavior of these domains can 

be understood using spatial mapping techniques.  



 

 167 

 Fundamental understanding of these interfaces is critical. To fully understand the system, 

the time scales and lateral length scale of organizations of ions need to be investigated as this 

knowledge can be manifested in applications of RTILs in transient electrochemical techniques. In-

situ or operando techniques can be used in tandem to correlate the structural aspects (the lateral 

length scale of the organization of ions) and the dynamic aspects (i.e., the time constants) of these 

interfacial processes are two important missing pieces of the puzzle to better understand the 

interfacial phenomena in RTILs. 

 


