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This dissertation discusses the influence of nitrogen doping (N-doping) on the 

electronic and catalytic properties of carbon nanotubes (CNTs).  These properties have 

been studied using a variety of techniques, in order to both qualitatively and 

quantitatively analyze the relationship between the nitrogen concentration and observed 

properties. Chapter 1 provides a general overview of CNTs and N-doping and details 

some of the previous research from our group. Chapter 2 discusses the assembly and 

characterization of free-standing electrode mats, which are used in order to understand 

the intrinsic physicochemical properties of the material without relying on the secondary 

influence of another conductive support. Raman microscopy, X-Ray photoelectron 

spectroscopy, scanning and scanning-tunneling electron microscopy, as well as 

electrochemical methods were all used to demonstrate the viability of the mat electrodes 

for further experiments. Chapter 3 addresses the examination of a range of nitrogen 

concentrations in order to better understand the effects of nitrogen concentration on the 
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electrochemical and electrical properties such as the differential capacitance, density of 

states at the Fermi level (D(EF)), bulk conductivity and work function.  These properties 

were studied using a variety of techniques, including UV-photoelectron spectroscopy, 

electrochemical impedance spectroscopy and conductive four point probe.  Chapter 4 

investigates the inherent catalysis of the nitrogen doped CNTs (N-CNTs) with respect to 

O2 reduction, and a complex mechanism is proposed. Electrochemical methods such as 

cyclic and linear sweep voltammetries as well as thermo-gravimetric analysis and 

gasometric analysis were all employed to determine heterogeneous decomposition rates 

as well as to detect intermediates of the O2 reduction reaction. Chapter 5 discusses the 
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-
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-
) at the N-CNT electrodes. Future 

work involving the assembly and characterization of transparent N-CNT films is 

discussed in Chapter 6. 

 



 ix 

Table of Contents 

List of Tables ....................................................................................................... xiii 

List of Figures ........................................................................................................xv 

Chapter 1. Nitrogen Doped Carbon Nanotubes: Electronic and Catalytic Properties

.........................................................................................................................1 

1.1 Introduction ...............................................................................................1 

1.2. References ................................................................................................8 

Chapter 2. Characterization of Nitrogen Doped Carbon Nanotube Mat Electrodes..

.......................................................................................................................12 

2.1. Introduction ............................................................................................12 

2.2. Experimental ..........................................................................................14 

2.2.1. Synthesis of Carbon Nanotubes .................................................14 

2.2.2. CNT Mat Assembly ...................................................................14 

2.2.3. Thickness Measurements ...........................................................15 

2.2.4. Electron Microscopy ..................................................................15 

2.2.5. Spectroscopic Methods ..............................................................16 

2.2.5.1. X-Ray Photoelectron Spectroscopy ...............................16 

2.2.5.2. Raman Spectroscopy ......................................................16 

2.2.6. Electrochemical Analysis...........................................................16 

2.3. Results and Discussion ..........................................................................18 

2.3.1. Morphological Effects ...............................................................18 

2.3.2 Structure ......................................................................................23 

2.3.1 Raman Spectroscopy ..........................................................23 

2.3.2. X-Ray Photoelectron Spectroscopy ..................................26 

2.3.3. Electrochemical Response .........................................................29 

2.4. Conclusions ............................................................................................35 

2.5. References ..............................................................................................36 



 x 

Chapter 3. Effect of Nitrogen Concentration on Capacitance, Density of States, and 

Electronic Conductivity of N-Doped Carbon Nanotube Electrodes .............39 

3.1. Introduction ............................................................................................39 

3.2. Experimental ..........................................................................................40 

3.2.1. Synthesis of Carbon Nanotubes .................................................40 

3.2.2. CNT Mat Assembly ...................................................................41 

3.2.3. Electrochemical Impedance Spectroscopy ................................42 

3.2.4. Conductivity ...............................................................................42 

3.2.5. Spectroscopic Methods ..............................................................43 

3.2.5.1. Photoelectron Spectroscopy ...........................................43 

3.2.5.2. Raman Spectroscopy ......................................................44 

3.2.6. Electron Microscopy ..................................................................44 

3.3. Results and Discussion ..........................................................................45 

3.3.1. Capacitance and Density of States .............................................45 

3.3.2 Structural and Electronic Relationships ......................................53 

3.3.3. UV Photoelectron Spectroscopy ................................................59 

3.4. Conclusions ............................................................................................63 

3.5. References ..............................................................................................63 

Chapter 4. Electrocatalysis of the Oxygen Reduction Reaction at Nitrogen Doped 

Carbon Nanotubes .........................................................................................68 

4.1. Introduction ............................................................................................68 

4.2. Experimental ..........................................................................................71 

4.2.1. Synthesis of Carbon Nanotubes .................................................71 

4.2.2. CNT Mat Assembly ...................................................................72 

4.2.3. Electrochemical Methods...........................................................72 

4.2.3.1. Cyclic Voltammetry for O2 Reduction ..........................72 

4.2.3.2. O2 Solubility...................................................................73 

4.2.3.3. Peroxide Decomposition ................................................73 

4.2.3.4. Hydroxyl Radical Detection ..........................................75 

4.2.4. Thermo-Gravimetric Analysis ...................................................75 

4.2.5. Gasometric Analysis ..................................................................75 



 xi 

4.3. Results and Discussion ..........................................................................76 

4.3.1. Electrochemical Response .........................................................76 

4.3.2. Thermo-Gravimetric Analysis ...................................................78 

4.3.3. Heterogeneous Decomposition of HO2
-
 .....................................83 

4.3.3.1. Gasometric Analysis ......................................................83 

4.3.3.2. Electrochemical Analysis...............................................88 

4.3.4. Mechanism for O2 Reduction.....................................................92 

4.3.5. Detection of 
•
OH Radical ..........................................................93 

4.4. Conclusions ............................................................................................95 

4.5. References ..............................................................................................97 

Chapter 5. Indirect Electrocatalytic Degradation of Cyanide at Nitrogen Doped 

Carbon Nanotube Electrodes ......................................................................100 

5.1. Introduction ..........................................................................................100 

5.2. Experimental ........................................................................................103 

5.2.1. Synthesis of Carbon Nanotubes (CNTs) ..................................103 

5.2.2. CNT Mat Assembly .................................................................103 

5.2.3. Electrochemical Techniques ....................................................104 

5.2.3.1. Cyclic Voltammetry .....................................................104 

5.2.3.2. Bulk Electrolysis ..........................................................105 

5.2.4. Spectroscopic Techniques ........................................................105 

5.2.5 Electrochemical Simulation ......................................................106 

5.3. Results and Discussion ........................................................................108 

5.3.1. Electrochemical Response to CN
-
 Titration .............................108 

5.3.2. Electrochemical Simulation .....................................................112 

5.3.3 Physical Detection of Cyanate ..................................................115 

5.4. Conclusions ..........................................................................................123 

5.4. References ............................................................................................123 

Chapter 6. Future Directions ................................................................................126 

6.1. Introduction ..........................................................................................126 

6.2. Experimental ........................................................................................127 



 xii 

6.2.1. Synthesis of Carbon Nanotubes ...............................................127 

6.2.2. Airbrushing CNT Films ...........................................................128 

6.2.3. Transmittance Measurements ..................................................128 

6.2.4. Electron Microscopy ................................................................128 

6.2.5. Resistivity Measurements ........................................................129 

6.2.6. Electrochemical Measurements ...............................................129 

6.3. Results and Discussion ........................................................................130 

6.3.1. Morphology..............................................................................130 

6.3.2. Sheet Resistance.......................................................................133 

6.3.3. Electrochemical Response .......................................................139 

6.3.3. Suggested Improvements .........................................................140 

6.4. Conclusions ..........................................................................................144 

6.5. References ............................................................................................145 

Bibliography ........................................................................................................147 

Vita .....................................................................................................................158 



 xiii 

List of Tables 

Table 2.1.  N-CNT physical parameters. Length, electrochemical surface area 

(ESA), roughness factor, and thickness of N-CNT mats for each doping 

level investigated. ...................................................................................22 

Table 2.2.  N-CNT structural parameters. ID/IG, A2D/AD ratios, inverse in plane 

crystalline plane length (La
-1

), and tortuosity (Leq) determined from 

Raman Spectroscopy. ..............................................................................27 

Table 2.3.  N-CNT electrochemical parameters for 1 mM Ru(NH3)6 in 1 M KNO3, 

pH 6.40 ± 0.03. Scan rate = 10 mV/s. .....................................................32 

Table 3.1.  Density of States, density of charge carriers and mobility of N-CNT 

Mats.........................................................................................................52 

Table 3.2.  N-CNT lengths and conductivity of N-CNT Mats .................................56 

Table 3.3.  Work functions determined by UPS for N-CNTs ...................................62 

Table 4.1.  Oxygen Reduction Potentials for N-CNT mats in neutral electrolyte, pH 

6.40 ± 0.03. .............................................................................................79 

Table 4.2.  Residual Iron Content from TGA results. ...............................................84 

Table 4.3.  Heterogeneous hydrogen peroxide decomposition rates calculated from 

gasometric analysis. ................................................................................87 

Table 4.4.  Heterogeneous hydrogen peroxide decomposition rates calculated from 

electrochemically constructed polarization curves. ................................90 

Table 6.1.  Sheet resistance at 54 ± 4% transmittance, and average resistivity and 

average conductivity values for all ranges for airbrushed N-CNT films. ... 

 ...............................................................................................................137 



 xiv 

Table 6.2.  Comparison of ΔEp values for 6.3 at.% N-CNT airbrush films at 

different levels of transparency in 1 mM Ru(NH3)6
2+/3+

 in 1 M KNO3. 

Scan rate = 10 mV/s. .............................................................................143 



 xv 

List of Figures 

Figure 1.1. Schematic of CNTs with enlarged regions showing backbone structures 

of (A) pristine and (B) substitutionally N-doped CNTs, where the blue 

atoms represent nitrogen. ..........................................................................3 

Figure 2.1.  Histograms of N-CNT lengths within each N-doping level determined 

by high resolution STEM for N-CNT Mats. ...........................................19 

Figure 2.2.  Representative SEM images of N-CNT mat electrodes showing surface 

morphology effects of nitrogen doping on the mat (A) 0.0 at.% N, (B) 

4.0 at.% N, (C) 5.0 at.% N, (D) 6.3 at.% N, and (E) 7.4 at.% N mat 

electrodes. Scale bars are 10 µm in large images and 2 µm in insets. ....20 

Figure 2.3.  Sample integration of first order Raman peaks of 0.0 at.% N and 7.4 

at.% N-CNT mats. The D band is located at 1355 cm
-1

 and the G band is 

located at 1583 cm
-1

. The integrated ID/IG ratio was taken by fitting five 

Gaussians under the peaks, located at 1220, 1355, 1487, 1583, and 1624 

cm
-1

, as indicated by the dashed lines. ....................................................24 

Figure 2.4. Normalized and offset first-order Raman spectra of N-CNT mats with 

increasing nitrogen content. ....................................................................25 

Figure 2.5.  Normalized high resolution XPS spectra of N 1s for N-CNT mats (3 

scan averaged) with increasing nitrogen content. ...................................28 

Figure 2.6.  Schematic representation of N-CNT backbone showing potential 

nitrogen coordinations. ...........................................................................30 

Figure 2.7.  Representative CVs of CNTs in Ar-purged 1 mM Ru(NH3)6 in 1 M 

KNO3, , pH = 6.40 ± 0.03. Scan rate: 10 mV/s. ......................................31 



 xvi 

Figure 2.8.  Scan rate dependence of 4.0 at.% N-CNT mats in Ar-purged 1 mM 

Ru(NH3)6 in 1 M KNO3, pH = 6.40 ± 0.03. (A) CVs at scan rates 50 

mV/s to 500 mV/s, taken in 50 mV/s intervals. (B) Relationship between 

anodic and cathodic peak currents and scan rate. ...................................34 

Figure 3.1.  Normalized high resolution Fe 2p XPS spectra for (A) acid-treated and 

(B) untreated N-CNT mats (3 scan averaged) with increasing nitrogen 

content. ....................................................................................................46 

Figure 3.2.  High resolution STEM images of CNTs used to assemble N-CNT mats. 

Left panels: Acid treated (A) 4.0 at.% N, (C) 6.0 at.% N, and (E) 6.3 

at.% N-CNTs showing removal of Fe contaminations. Right panels: 

Untreated (B) 4.0 at.% N, (D) 5.0 at.% N, and (F) 6.3 at.% N-CNTs, 

with iron impurities clearly present throughout. All scale bars = 100 nm. . 

 .................................................................................................................47 

Figure 3.3.  Differential capacitance versus potential for (A) acid treated and (B) 

untreated N-CNT mats. ...........................................................................49 

Figure 3.4. Density of states at the Fermi level, D(EF), versus inverse of in plane 

crystallite length, La
-1

 for (A) acid treated and (B) untreated N-CNT 

Mats.........................................................................................................51 

Figure 3.5.  N 1s peak ratio for the three primary nitrogen functionalities versus 

density of states at the Fermi level, D(EF), for (A) acid treated and (B) 

untreated N-CNT Mats. ..........................................................................54 



 xvii 

Figure 3.6.  Conductivity trends of N-CNT mats: Conductivity versus D(EF) for (A) 

acid treated and (B) untreated mats, conductivity versus CNT length for 

(C) acid treated and (D) untreated mats, and conductivity versus 

roughness factor for (E) acid treated and (F) untreated N-CNT mats. The 

roughness factor is calculated as the electroactive surface determined 

using chronocoulometry divided by the geometric surface area of 0.49 

cm
2
. .........................................................................................................57 

Figure 3.7.  UPS of N-CNT mat electrodes and Au standard. Left panels: onset of 

secondary tail used to calculate the work function for (A) acid treated 

and (C) untreated N-CNT mats. Right panels: close up view of the Fermi 

edge, EF for (B) acid treated and (D) untreated N-CNT mats. All spectra 

normalized to the Fermi edge of Au. ......................................................61 

Figure 4.1.  Oxygen reduction reaction cyclic voltammograms for N-CNT mat 

electrodes in (A) 1 M KNO3 and (B) 1 M Na2HPO4, pH 6.40 ± 0.03. 

Scan rate = 20 mV/s. ...............................................................................77 

Figure 4.2.  Cyclic voltammograms with a10 µm UME measuring oxygen solubility 

in 1 M KNO3 (black) and 1 M Na2HPO4 (red). Scan rate = 1 mV/s. .....80 

Figure 4.3.  N 1s peak ratio for the three primary nitrogen functionalities versus 

ORR potential in (A) 1 M KNO3 and (B) 1 M Na2HPO4, pH 6.40 ± 0.03.  

 .................................................................................................................81 

Figure 4.4. Thermogravimetric analysis of N-CNTs used to calculate the residual 

Fe2O3 content in the N-CNTs. ................................................................82 

Figure 4.5.  Gasometric Analysis of N-CNTs in (A) 1 M KNO3, (B) 1 M H2SO4, and 

(C) 1 M KOH. [H2O2] = 0.05 M .............................................................85 



 xviii 

Figure 4.6.  Tafel plots from polarization curves of N-CNTs in (A) 1 M KNO3, (B) 1 

M H2SO4, and (C) 1 M KOH.        Scan rate = 0.17 mV/s, 1000 RPM, 

[H2O2] = 400 µM. ...................................................................................89 

Figure 4.7. Graphical representation of O2 reduction at CNT/N-CNT electrodes. ...94 

Figure 4.8.  Cyclic Voltammograms for (A) 0.0 at.% N and (B) 4.0 at.% N-CNT 

mats in 20 mM PBS buffer pH 6.40 ± 0.03 showing detection of 

hydroxyl radical. Scan rate = 50 mV/s....................................................96 

Figure 5.1.   Cyclic voltammograms for CNT and N-CNT mat electrodes in O2 

saturated (A) 1 M Na2HPO4 and (B) 1 M KNO3 at pH 6.40 ± 0.03 and 

titrated with CN
-
 (1-3 mM).  Scan rate = 20 mV s

-1
. ............................109 

Figure 5.2.  (A-B) Potential-concentration and (C-D) current-concentration curves 

for (A, C) 1 M Na2HPO4 and (B, D) 1 M KNO3 titrated with CN
-
 from 

CVs shown in Figure 1 of the text.  Average current arises from three 

different measurements at each CNT/N-CNT sample. .........................110 

Figure 5.3.  Illustration of the EC mechanism for the oxidation of CN
-
 by HO2

-
 

produced during O2 reduction at N-CNT mats. ....................................113 

Figure 5.4.   Simulated cyclic voltammograms for O2 reduction at N-CNT mats for 

various CN
-
 concentrations based on an EC mechanism for the reaction 

of HO2
-
 with CN

-
 to form OCN

-
.  Solution is simulated at pH 6.40 ± 0.03 

and scan rate = 20 mV s
-1

, parameters determined by fitting mechanism 

to actual data shown in Figure 5.1a. .....................................................114 

Figure 5.5.   Schematic representation of conversion of electrochemically generated 

OCN
-
 to the absorbing product (2,4-(1H, 3H)-quinazolinedion for 

spectroscopic confirmation of OCN
-
 production. .................................116 



 xix 

Figure 5.6.   (A) Representative calibration curve for standard OCN
-
 concentrations, 

absorbance measured at 310 nm.  From linear fit line, y = 0.161x + 

0.009, R
2
 = 0.999. (B) UV-Vis spectra for OCN

-
 standards and 

electrolysis sample collected from N-CNT mat electrode after 

electrolysis for 30 min in 3 mM CN
-
 in 1 M Na2HPO4.........................117 

Figure 5.7.  (a) Cyclic voltammograms and (b) current-time response for CNT and 

N-CNTs in O2 saturated 1 M Na2HPO4 pH 6.40 ± 0.03 before (solid 

line) and after (dashed line) bulk electrolysis in 3 mM CN
-
 for 60 

minutes.  Dotted line represents potential used for bulk electrolysis.  

Scan rate = 20 mV s
-
. ............................................................................118 

Figure 5.8.   (A) UV-Visible spectra for CNT and N-CNT mat electrodes and (B) 

OCN
-
 concentration-time curves for bulk electrolysis in 1 M Na2HPO4. 

Aliquots were taken every 10 minutes for 60 min.  Electrolysis potential 

was held at -0.71 V and -0.3 V vs. Hg/Hg2SO4 for CNT and N-CNT 

mats, respectively. .................................................................................120 

Figure 5.9. (A) [OCN
-
] vs. time and (B) ln[OCN

-
] vs. time curves for bulk 

electrolysis in 1 M Na2HPO4 to determine kinetic parameters. Aliquots 

were taken every 10 minutes for 60 min.  Electrolysis potential was held 

at -0.71 V and -0.3 V vs. Hg/Hg2SO4 for CNT and N-CNT mats, 

respectively. Higher R
2
 values indicate better fit, where (A) represents 

zero-order kinetics and (B) represents 1
st
 order kinetics. .....................122 

Figure 6.1.  Photograph of airbrushed N-CNT mats showing different levels of 

transparency, left to right: 75 %T, 54 %T, 15%T. ................................131 



 xx 

Figure 6.2.  Representative SEM images of N-CNT airbrushed films showing 

surface morphology effects between doping levels for (A) 4.0 at.% N, 

(B) 5.0 at.% N, (C) 6.3 at.% N, and (D) 7.4 at.% N electrodes. All films 

are 54 ± 4 %T, scale bar = 1 μm. ..........................................................132 

Figure 6.3.  Representative SEM images of 6.3 at.% N-CNT airbrushed films 

showing surface morphology effects between sonication times for (A) 4 

hours, (B) 6 hours, (C) 8 hours, and (D) 16 hours. Scale bar = 200 nm. .... 

 ...............................................................................................................134 

Figure 6.4.  Resistivity trends for N-CNT films comparing overall trends between N-

doping levels. Dashed lines are to guide the eye only. .........................136 

Figure 6.5. Measured transmittance versus sheet resistance for N-CNT films 

compared to theoretical model. .............................................................138 

Figure 6.6.  Cyclic voltammograms comparing electrochemical response of 6.3 at.% 

N-CNT mats versus 16 %T airbrushed N-CNT film in 1 mM 

Ru(NH3)6
3+/2+

 in 1 M KNO3. Scan rate = 10 mV/s. ..............................141 

Figure 6.7.  Comparison of 6.3 at.% N-CNT airbrush films at different levels of 

transparency in 1 mM Ru(NH3)6
2+/3+

 in 1 M KNO3. Scan rate = 10 mV/s. 

*Acid treated .........................................................................................142 

  



 1 

CHAPTER 1 

Nitrogen Doped Carbon Nanotubes: Electronic and Catalytic Properties 

1.1 INTRODUCTION 

Reports of helical carbon structures can be found as early as 1953;
1
 however, the 

discovery of carbon nanotubes (CNTs) is often credited to Iijima’s observation of 

graphitic carbon ―needles‖ in 1991.
2
 The latter publication can be linked to the 

resurgence of interest in the material.
3
 A recent literature search for the concept ―carbon 

nanotube‖ resulted in ca. 83,000 publications from 1992 to the present, while only six 

hits are found before that date.
4
 Over the past two decades there has been a continuous 

increase in the number of scientific publications on the subject, indicating the desirability 

of the material and promise for future research.
5
 CNTs continue to be of considerable 

interest due to their small (nanoscale) size, high tensile strength, and interesting optical, 

and electronic properties due to the sp
2
 bonding and σ-π hybridization. Specifically, the 

delocalization of the π orbital makes CNTs stronger, more conductive and more 

chemically active than other forms of carbon, such as graphite.
6
 Recently, CNTs have 

been studied for a variety of different applications including supercapacitors,
7
 field effect 

transistors,
8
 sensors,

9
 battery materials,

10, 11
 and catalysts supports.

12-14
 While CNTs have 

unique and interesting properties on their own, studies have shown that heteroatom 

doping (e.g. boron and nitrogen) of sp
2
 carbon materials (such as CNTs) can enhance 

their various physicochemical properties. Specifically, nitrogen doping (N-doping) of 

carbon materials has the potential to significantly perturb the graphite lattice, forming 

disordered semi-metal structures.
15

 

Historically, heteroatom doping has received much attention as a way to modify 

the inherent properties of different carbon materials, including graphite, graphene, and 
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CNTs.
16-18

 A distinction must be made between true heteroatom doping and surface 

funtionalization. Procedures in which an already existing pristine carbon material is 

doped by secondary exposure to ammonia (NH3), dinitrogen (N2), or nitric acid (NH3) (or 

a combination thereof) are considered ex-situ doping methods since the nitrogen 

containing functionalities are simply absorbed to the surface rather than incorporated into 

the lattice.
19-21

 These experiments often result in an enhancement in the electrode activity 

which is indicative of the potential effects of N-doping, but only speak to the 

modification of the carbon surface and not true substitutional doping.
22-24

 In 1967 it was 

shown that by heat treating carbon in NH3, nitrogen groups were bound to the surface in 

an in-situ synthesis procedure (carbon and nitrogen functionalities are synthesized 

simultaneously).
22, 25

 This type of in-situ heat treatment method paved the way for further 

research, and in 1986 it was reported that N-doping of carbon materials resulted in C5N 

structures with superior electrical conductivity (as compared to non-doped carbons).
26

 

Since this publication, many other N-doping methods have been reported, including 

modified electric arc-discharge
27-29

 and chemical vapor deposition (CVD) with organic 

precursors such as pyridine,
30

 acetonitrile,
31-34

 or nitrogenated polymers such as 

polyacetonitrile.
35, 36

 In particular, CVD is an attractive method for producing nitrogen 

doped CNTs (N-CNTs) that are structurally and compositionally defined and are easily 

synthesized without amorphous graphite impurities.
37

 Herein, the discussion of N-doping 

specifically refers to the substitution of nitrogen atoms with carbon atoms in a pristine 

lattice as shown in the schematic in Figure 1.1. Various nitrogen functionalities are 

formed during N-doping, with the primary types being classified as pyridinic, pyrrolic 

and quaternary (Figure 1.1B).
38-41
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Figure 1.1. Schematic of CNTs with enlarged regions showing backbone structures of 

(A) pristine and (B) substitutionally N-doped CNTs, where the blue atoms 

represent nitrogen.  
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While doping can influence structural, chemical and electronic properties many 

have claimed that N-doping changes the effective density of states at the Fermi level 

(D(EF)).
42

 The ability to shift D(EF) is unique to semimetal systems such as graphite as 

this parameter is essentially constant in metals.
43

 Theoretical studies predict that  

substitutionally doping nitrogen into the carbon lattice will increase the apparent D(EF) 

and change the electronic and chemical properties.
44-46

 Specifically, since nitrogen has an 

extra electron (compared to carbon), N-doping will create an excess of donors, forming 

an n-type semiconductor with a localized density of states above the Fermi level.
47

 

Studies on graphite indicated that N-doping changes both the nature and number of 

localized states, which subsequently increases the number of mid-gap states where 

hopping conduction occurs, resulting in an enhancement of the electrical conductivity in 

the graphite.
29

  

The similarities between semiconductor doping and N-doping of carbon materials 

led to theoretical predictions of the structure and properties of the resulting doped 

materials. In particular, Czerw et. al. performed both experiments and theoretical 

calculations which show that N-doping of CNTs results in a metallic or semi-metallic 

material, as indicated by the presence of an additional electronic D(EF).
17

 While the 

specific location of these additional states depends on the amount of N-doping and 

original structure of the carbon material, N-doping results in the formation of sp
2
-like 

pyridine-type structures within the lattice.
48

 N-doping also modifies the physical structure 

by creating disorder in the carbon lattice and increasing the number of defect or edge 

plane sites. The electrochemical activity of carbon materials is dependent on the density 

of edge plane sites since electron-transfer rates are up to five orders of magnitude faster 

at edge-plane graphite than basal-plane.
49, 50

 This is highly evident for standard outer-
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sphere electrochemical couples such as the ferricyanide/ferrocyanide couple, Fe(CN)6
3-/4-

, 

as well as for more complex inner-sphere reactions such as O2 reduction.
11, 50, 51

  

In fact, much of the discussion regarding the active site has centered on the O2 

reduction reaction as this is an important reaction for the development of energy 

conversion devices (such as proton exchange membrane fuel cells) and alternative power 

generation.
11

 However, due to the slow kinetics of O2 reduction on the cathode side of the 

cell, large amounts of costly catalyst materials are required, posing the need for more 

efficient and low-cost O2 reduction catalysts.
11, 34

 Since the discovery that enhancement 

in O2 reduction can be achieved by heat treating Co and Fe containing porphyrins,
52

 N-

doped carbon materials, and N-CNTs in particular, have gained considerable interest as 

non-precious group metal (non-PGM) catalysts. Before such devices can be made, 

however, it is important to understand the chemistry behind the O2 reduction mechanism 

at N-doped carbons.  

Although nitrogen content and edge plane density account for many differences in 

the electrocatalytic response of N-doped versus undoped carbons, the coordination of the 

nitrogen within the lattice plays a more important role.
53

 Many groups are studying the 

relationship between the coordination of the nitrogen and observed electrocatalytic 

enhacements.
36, 38, 53

 The pyridine-type coordination is believed to localize the donor state 

formed by N-doping, which is responsible for the introduction of modifications into the 

conduction band and the formation of the electron donor and π-bonding states above the 

Fermi level.
17

 Enhancement of the strong π-electron delocalization in the carbon layers is 

due to the extra lone pair of electrons on pyridine, which gives the N-CNT a Lewis base-

like nature.
41, 54

 Matter et. al. have shown that the pyridinic nitrogen is the most stable 

coordination and can be used a marker for edge plane exposure as it is only formed at 

edge plane and defect sites.
55

 Additionally, the same group indicated that as the pyridinic 
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content is increased so is the number of defect sites and the overall electrocatalysis.
56

 

While both pyridinic and quaternary groups are present in the N-CNTs, Chen et.al. 

suggested that the location of the groups (i.e. inner or outer wall) determines the overall 

influence, and state that, due to its preferentially binding to the inner wall, quaternary 

nitrogen will not have an impact on O2 reduction.
57

 Many other studies also agree that the 

pyridinic nitrogen is most influential for O2 reduction by showing experimental 

correlations between the amount of pyridinic nitrogen and observed electrochemical 

activity.
21, 58, 59

 These conclusions are supported by theoretical studies which predict that 

that the carbon sites formed adjacent to pyridinic substitutional nitrogen groups are most 

active towards O2 reduction.
60-63

 

Previous research in our group has shown that systematically doping nitrogen into 

CNTs allows for the monitoring of subtle changes in the structural, electronic, and 

catalytic properties with respect to nitrogen content.
30, 41

 While much research in our 

group, and throughout the scientific community, has been devoted to understanding the 

unique properties of N-CNTs and other N-doped carbons, a systematic study correlating 

the nitrogen concentration to the electronic and electrocatalytic properties has not been 

performed. The research presented herein seeks to more thoroughly understand these 

effects by monitoring subtle changes between N-CNTs at different nitrogen 

concentrations and analyzing these in relation to undoped CNTs in order contribute to the 

broader understanding of the electronic properties and catalytic behavior of these unique 

materials. 

This dissertation is organized into six chapters. Chapter 1 provides a general 

introduction to CNTs and N-doping, focusing on the electronic and catalytic properties of 

N-CNTs. Chapter 2 provides a discussion of N-CNT mat electrodes assembled from the 

as-grown CNTs. Advantages of this type of electrode are explored, and a full 
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characterization of the mats using electron microscopy (SEM & STEM), spectroscopy 

(Raman and XPS) and electrochemical methods (CV, chronocoulometry) is presented. 

Specific attention is given to the morphology, structure and electrochemical response of 

the electrodes. Our mats are shown to be viable electrode materials for studying N-doping 

in the CNTs as they exhibit near Nernstian electrochemical behavior for outersphere 

redox couples at all N-doping levels.  

Chapter 3 discusses the electronic properties of the N-CNT mats, such as 

capacitance, D(EF), conductivity, and work functions of the N-CNT mats described in 

Chapter 2, with an investigation into how these properties are related to the amount of N-

doping in the CNTs. The double layer capacitance and D(EF) are measured using 

electrochemical impedance spectroscopy (EIS). Conductivity is measured using a four 

point probe and the work function is measured using UV photoelectron spectroscopy 

(UPS). These properties, as well as the number of charge carriers and the electron 

mobility are evaluated with respect to the amount of N-doping. This chapter also features 

a comparison of all data taken on both untreated and acid washed CNTs to show that 

there is no statistical difference between the electronic properties of the mats with and 

without trace amounts of residual iron precursor present. This ensures that the effects we 

measure are indeed due to the N-doping process.  

As our N-CNTs are known to be inherently catalytic towards O2 reduction, 

Chapter 4 provides a discussion of the complex O2 reduction mechanism. Specifically, 

this chapter focuses on the decomposition of the hydroperoxide intermediate (HO2
-
) in 

neutral, acidic and basic electrolytes. The heterogeneous decomposition rates of the 

hydroperoxide anion intermediate (HO2
-
) at N-CNTs are measured both gasometrically 

and electrochemically. Additionally, CV was used to detect the presence of the hydroxyl 
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radical formed during O2 reduction at N-CNT mats. With this information, a surface 

mediated O2 reduction mechanism at our N-CNTs is proposed. 

Chapter 5 investigates the influence of free cyanide (CN
-
) upon O2 reduction at N-

CNT mat electrodes. Unlike other Fe-N4 macrocycles, CN
-
 does not competitively inhibit 

O2 reduction, and instead an increase in reduction current is observed. This suggests that 

O2 reduction at N-CNTs is governed by a different mechanism than iron porphyrin 

materials, as discussed in Chapter 4, and that the intermediates formed can be exploited 

for other purposes, such as the remediation of CN
-
. In this chapter, we propose an 

electrochemical-chemical (EC) mechanism for CN
-
 remediation at N-CNTs in which CN

-
 

is oxidized to form non-toxic cyanate (OCN
-
) by the O2 reduction intermediate HO2

-
. 

This mechanism is is supported by CV and bulk electrolysis, and the formation OCN
-
 is 

supported by UV-Visible spectroscopy and electrochemical simulations.  

Chapter 6 discusses future work involving making transparent electrodes for 

spectroelectrochemical experiments. Two methods for the assembly of such transparent 

electrodes are presented and discussed. The airbrush method in particular shows 

particular promise for electrochemical applications, and initial electrodes are 

characterized via CV and SEM. Potential applications for these new materials are also 

discussed. 

1.2. REFERENCES 

1. Davis, W. R.; Slawson, R. J.; Rigby, G. R. Nature 1953, 171, 756. 

2. Iijima, S. Nature 1991, 354, (6348), 56-58. 

3. Loiseau, A.; Launois, P.; Petit, P.; Roche, S.; Salvetat, J. P.; Editors, 

Understanding Carbon Nanotubes. Lect. Notes Phys., 677, Springer: New York, 

2006; pp 552. 

4. As of 01/14/2011 from CAS database. 

5. Dresselhaus, M. S. ACS Nano 2010, 4, (8), 4344-4349. 



 9 

6. Han, J., Structures and properties of carbon nanotubes. In Carbon Nanotubes: 

Science and Applications, ed. M. Meyyappan. CRD Press: Boca Raton, 2005. Pp 

1-24. 

7. Kim, B.; Chung, H.; Kim, W. J. Phys. Chem. C 2010, 114, (35), 15223-15227. 

8. Li, H.; Zou, J.; Zhang, Q. Nanosci. Nanotechnol. Lett. 2010, 2, (1), 21-25. 

9. Vlandas, A.; Kurkina, T.; Ahmad, A.; Kern, K.; Balasubramanian, K. Anal. 

Chem. 2010, 82, (14), 6090-6097. 

10. Zhu, H. Q.; Zhang, Y. M.; Yue, L.; Li, W. S.; Li, G. L.; Shu, D.; Chen, H. Y. J. 

Power Sources 2008, 184, (2), 637-640. 

11. Shao, Y.; Sui, J.; Yin, G.; Gao, Y. Appl. Catal., B 2008, 79, (1), 89-99. 

12. Zhou, Y.; Neyerlin, K.; Olson, T. S.; Pylypenko, S.; Bult, J.; Dinh, H. N.; 

Gennett, T.; Shao, Z.; O'Hayre, R. Energy & Environmental Science 2010, 3, 

(10), 1437. 

13. Bian, S.-W.; Ma, Z.; Song, W.-G. J. Phys. Chem. C 2009, 113, (20), 8668-8672. 

14. Schnorr, J. M.; Swager, T. M. Chem. Mater. 2011, 23, (3), 646–657. 

15. Kim, D.; Lin, C.; Mihalisin, T.; Heiney, P.; Labes, M. Chem. Mater. 1991, 3, (4), 

686-692. 

16. Pels, J. R.; Kapteijn, F.; Moulijin, J. A.; Zhu, Q.; Thomas, K. M. Carbon 1995, 

33, (11), 1641-1653. 

17. Czerw, R.; Terrones, M.; Charlier, J. C.; Blase, X.; Foley, B.; Kamalakaran, R.; 

Grobert, N.; Terrones, H.; Tekleab, D.; Ajayan, P. M.; Blau, W.; Ruehle, M.; 

Carroll, D. L. Nano Lett. 2001, 1, (9), 457-460. 

18. Wang, Y.; Shao, Y.; Matson, D. W.; Li, J.; Lin, Y. ACS Nano 2010, 4, (4), 1790-

1798. 

19. Nallathambi, V.; Lee, J.-W.; Kumaraguru, S. P.; Wu, G.; Popov, B. N. J. Power 

Sources 2008, 183, (1), 34-42. 

20. Biddinger, E. J.; Deak, D.; Ozkan, U. S. Top. Catal. 2009, 52, (11), 1566-1574. 

21. Schilling, T.; Bron, M. Electrochim. Acta 2008, 53, (16), 5379-5385. 

22. Kinoshita, K., Carbon: Electrochemical and Physiochemical Properties; John 

Wiley & Sons: New York, 1988. 

23. Taylor, R.; Humffray, A. J. Electroanal. Chem. 1975, 64, (1), 63-84. 

24. Zhang, Z. W.; Tryk, D. A.; Yeager, E. B. Proc. - Electrochem. Soc. 1984, 84-5, 

(Electrochem. Carbon), 158-178. 

25. Mrha, J. Collect. Czech. Chem. Commun. 1967, 32, (2), 708-719. 



 10 

26. Kouvetakis, J.; Kaner, R. B.; Sattler, M. L.; Bartlett, N. J. Chem. Soc., Chem. 

Commun. 1986, (24), 1758-1759. 

27. Yu, R.; Zhan, M.; Cheng, D.; Yang, S.; Liu, Z.; Zheng, L. J. Phys. Chem. 1995, 

99, (7), 1818-1819. 

28. Stephan, O.; Ajayan, P. M.; Colliex, C.; Redlich, P.; Lambert, J. M.; Bernier, P.; 

Lefin, P. Science 1994, 266, (5191), 1683-1685. 

29. Glenis, S.; Nelson, A.; Labes, M. J. Appl. Phys. 1996, 80, (9), 5404-5407. 

30. Maldonado, S.; Stevenson, K. J. J. Phys. Chem. B 2004, 108, (31), 11375-11383. 

31. Tang, Y.; Allen, B.; Kauffman, D.; Star, A. J. Am. Chem. Soc. 2009, 131, (37), 

13200-13201. 

32. Kundu, S.; Nagaiah, T. C.; Xia, W.; Wang, Y.; Van Dommele, S.; Bitter, J. H.; 

Santa, M.; Grundmeier, G.; Bron, M.; Schuhmann, W.; Muhler, M. J. Phys. 

Chem. C 2009, 113, (32), 14302-14310. 

33. Matter, P. H.; Wang, E.; Arias, M.; Biddinger, E. J.; Ozkan, U. S. J. Phys. Chem. 

B 2006, 110, (37), 18374-18384. 

34. Prehn, K.; Warburg, A.; Schilling, T.; Bron, M.; Schulte, K. Compos. Sci. 

Technol. 2009, 69, (10), 1570-1579. 

35. Wu, G.; Li, D.; Dai, C.; Wang, D.; Li, N. Langmuir 2008, 24, (7), 3566-3575. 

36. Rao, C. V.; Cabrera, C. R.; Ishikawa, Y. J. Phys. Chem. Lett. 2010, 1, (18), 2622-

2627. 

37. Dai, H. Acc. Chem. Res. 2002, 35, (12), 1035-1044. 

38. Ghosh, K.; Kumar, M.; Maruyama, T.; Ando, Y. Carbon 2009, 48, (1), 191. 

39. Choi, H. C.; Park, J.; Kim, B. J. Phys. Chem. B 2005, 109, (10), 4333-4340. 

40. Casanovas, J.; Ricart, J. M.; Rubio, J.; Illas, F.; Jimenez-Mateos, J. M. J. Am. 

Chem. Soc. 1996, 118, (34), 8071-8076. 

41. Maldonado, S.; Morin, S.; Stevenson, K. J. Analyst 2006, 131, (2), 262-267. 

42. Marchand, A. Chem. Phys. Carbon 1971, 7, 155-191. 

43. Creutz, C.; Brunschwig Bruce, S.; Sutin, N. J Phys Chem B 2005, 109, (20), 

10251-10260. 

44. Valladares, A. A.; Valladares, A.; Valladares, R. M.; McNelis, M. A. J. Non-

Cryst. Solids 1998, 231, (3), 209-221. 

45. Yu, S. S.; Wen, Q. B.; Zheng, W. T.; Jiang, Q. Nanotechnology 2007, 18, (16), 

165702/1-165702/7. 

46. Marchand, A.; Zanchetta, J. V. Carbon 1966, 3, (4), 483-491. 



 11 

47. Ayala, P.; Arenal, R.; Ruemmeli, M.; Rubio, A.; Pichler, T. Carbon 2010, 48, (3), 

575-586. 

48. Terrones, M.; Redlich, P.; Grobert, N.; Trasobares, S.; Hsu, W.-K.; Terrones, H.; 

Zhu, Y.-Q.; Hare, J. P.; Reeves, C. L.; Cheetham, A. K.; Ruhle, M.; Kroto, H. W.; 

Walton, D. R. M. Adv. Mater. 1999, 11, (8), 655-658. 

49. Landis, E.; Klein, K.; Liao, A.; Pop, E.; Hensley, D.; Melechko, A.; Hamers, R. 

Chem. Mater. 2010, 22, (7), 2357-2366. 

50. Rice, R.; McCreery, R. Anal. Chem. 1989, 61, (15), 1637-1641. 

51. Maldonado, S.; Stevenson, K. J. J. Phys. Chem. B 2005, 109, (10), 4707-4716. 

52. Scherson, D.; Tanaka, A. A.; Gupta, S. L.; Tryk, D.; Fierro, C.; Holze, R.; 

Yeager, E. B.; Lattimer, R. P. Electrochim. Acta 1986, 31, (10), 1247-1258. 

53. Biddinger, E.; Ozkan, U. J. Phys. Chem. C 2010, 114, (36), 15306-15314. 

54. Maldonado, S.; Morin, S.; Stevenson, K. J. Carbon 2006, 44, (8), 1429-1437. 

55. Matter, P. H.; Zhang, L.; Ozkan, U. S. J. Catal. 2006, 239, (1), 83-96. 

56. Matter, P. H.; Wang, E.; Arias, M.; Biddinger, E. J.; Ozkan, U. S. J. Mol. Catal. 

A: Chem. 2007, 264, (1-2), 73-81. 

57. Chen, Z.; Higgins, D.; Tao, H.; Hsu, R. S.; Chen, Z. J. Phys. Chem. C 2009, 113, 

(49), 21008-21013. 

58. Alexeyeva, N.; Shulga, E.; Kisand, V.; Kink, I.; Tammeveski, K. J. Electroanal. 

Chem. 2010, 648, (2), 169-175. 

59. Jaouen, F.; Charreteur, F.; Dodelet, J. P. J. Electrochem. Soc. 2006, 153, (4), 

A689-A698. 

60. Sidik, R. A.; Anderson, A. B.; Subramanian, N. P.; Kumaraguru, S. P.; Popov, B. 

N. J. Phys. Chem. B 2006, 110, (4), 1787-1793. 

61. Ikeda, T.; Boero, M.; Huang, S.-F.; Terakura, K.; Oshima, M.; Ozaki, J.-i. J. 

Phys. Chem. C 2008, 112, (38), 14706-14709. 

62. Kurak, K. A.; Anderson, A. B. J. Phys. Chem. C 2009, 113, (16), 6730-6734. 

63. Stoyanov, S. R.; Titov, A. V.; Král, P. Coord. Chem. Rev. 2009, 253, (23-24), 

2852. 

  



 12 

CHAPTER 2 

Characterization of Nitrogen Doped Carbon Nanotube Mat Electrodes* 

2.1. INTRODUCTION 

Carbon nanotube (CNT) films have been shown to be of recent considerable 

interest for a wide range of applications, including sensors,
1
 solar cells,

2-4
 batteries,

5
 

photonic devices,
6
 and catalyst support materials.

7 
Previous methods for studying CNTs 

have relied on a secondary conductive support such as nickel mesh grids,
8
 glassy carbon 

disk,
9
 or metal foils.

10
 While these methods are useful for electrochemical applications in 

which the background response is negligible, (i.e. the supporting material is not highly 

electro-active towards the species in question) they become problematic when trying to 

measure intrinsic properties where the background material could interfere and lead to 

misinterpretation of experimental results. In such cases, it is necessary to use a non-

supported CNT electrode to ensure that that all of the measured response arises solely 

from the CNT material itself and that any observed subtle changes are not due to the 

supporting material. 

Extensive efforts have been made towards making non-supported CNT electrodes, 

and of particular interest is the development of CNT paper,
5, 11, 12

 which is a thick 

material (up to 0.1 mm) composed of a network of CNTs that exhibits high tensile 

strength and conductivity.
13, 14 

Such carbon papers have shown promise for many 

applications, such as use in textiles,
13

 field-effect transistors,
15

 and energy devices.
11 

While many studies have focused on these applications, few provide a thorough 

characterization of the paper as an electrode material.
16

 This type of non-supported CNT 

                                                 
* Portions of this chapter were published in Wiggins-Camacho, J. D.; Stevenson, K. J. J. Phys. Chem. C 

2009, 113, (44), 19082-19090. Available online at http://dx.doi.org/10.1021/jp907160v. 
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electrode offers a unique approach for studying the intrinsic properties of the CNTs 

themselves, and is especially interesting for the study of doped nanocarbons, and nitrogen 

doped CNTs (N-CNTs) in particular. Because of the lack of a secondary support, subtle 

changes in the electronic properties can be readily detected, allowing for a means of 

better understanding how these properties are influenced by the presence of nitrogen. 

Additionally, studies on non-supported N-CNT electrodes are advantageous because such 

networks have been shown to be more reproducible since the individual variations in the 

properties of the N-CNTs are minimized due to an ensemble averaging effect.
17

 Other 

methods of using N-CNTs for study have relied on binders or separate conductive 

substrates to provide the mechanical integrity, which can mask or bias intrinsic electronic 

and electrochemical behaviors.
5
 By preparing N-CNT electrodes on an insulating 

material such as a glass substrate, the interference problem is eliminated, ensuring that all 

electronic and electrochemical responses measured are due solely to the N-CNTs.  

This chapter will explore the assembly and characterization of non-supported N-

CNT electrodes, referred to herein as ―mats‖. Their morphology will be thoroughly 

discussed both quantitatively and qualitatively, focusing specifically on the effect of the 

synthesis procedure on the morphology of the final product. The structure of the N-CNT 

mats ranging in doping levels from 0.0 to 7.4 at.% N will be characterized using both 

Raman and X-Ray Photoelectron spectroscopy (XPS). The former yields information on 

the density of edge plane sites and disorder in the N-CNTs, and the latter provides a 

reliable method for quantifying the amount of nitrogen incorporated into the N-CNTs as 

well as providing valuable insight into the coordination of the nitrogen. Finally, as the 

materials are intended for use in electrochemical experiments, the mats will be 

thoroughly characterized using cyclic voltammetry (CV) and chronocoulometry, using a 

well known outer-sphere redox couple, hexammineruthenium(III) chloride (Ru(NH3)6) in 
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1 M potassium nitrate (KNO3). This known redox couple will allow us to ensure that the 

mats are viable electrodes, exhibiting near Nernstian electrochemical responses.  

2.2. EXPERIMENTAL 

2.2.1. Synthesis of Carbon Nanotubes 

Both unoped (CNT) and N-CNTs (CNT/N-CNTs) were synthesized via our 

previously reported floating catalyst chemical vapor deposition (CVD) method using a 

ferrocene growth catalyst (Alfa Aesar), and m-xylene, anhydrous (Sigma-Aldrich), or 

pyridine (Fisher) as the carbon source, respectively.
8, 18

 Briefly, 1.0 mL of a 20 mg mL
-1

 

precursor solution was injected at a rate of 0.1 mL min
-1

 into a dual zone tube furnace, 

with a quartz tube spanning both zones. The precursor solution was heated to the 

vaporization temperature in the first zone (150/130 °C for m-xylene and pyridine, 

respectively) and carried into the second zone by carrier gasses (Ar-H2 or Ar-NH3 for 

CNTs and N-CNTs, respectively), at a total flow rate of 575 sccm, where the NH3 flow 

rate was systematically increased to change the doping level in the N-CNTs, as 

previously reported.
19

 The mixture was pyrolyzed upon reaching the second zone at the 

respective appropriate temperature (700 °C for CNTs and 800 °C for N-CNTs), resulting 

in the growth of multiwalled CNT/N-CNTs along the inner wall of the quartz tube. The 

CNT/N-CNTs were collected after cooling the tube to room temperature in an argon 

environment, and stored in an airtight vial prior to the mat assembly procedure. In all 

experiments presented herein, five N-CNT doping levels were investigated, 

corresponding to 0.0, 4.0, 5.0, 6.3 and 7.4 at. % N content as determined by XPS. 

2.2.2. CNT Mat Assembly 

Free standing CNT/N-CNT mat electrodes were made via a vacuum filtration 

method, modified from previously reported procedures.
4, 5, 20

 Briefly, a suspension of 0.40 
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mg mL
-1 

CNT/N-CNTs in ethanol was sonicated for 16 hours to create a uniform 

suspension. 1 mL of the suspension was then vacuum filtered through an Anodisc porous 

alumina membrane (Whatman, 0.2 µm pore size, 13 mm diameter) and allowed to dry 

over vacuum to evaporate any excess ethanol. The alumina membranes were then 

removed with 6 M NaOH and the resulting mat was thoroughly rinsed with Nanopure 

water (18 MΩ cm) until the pH of the rinsate was neutral. The mat was then transferred 

onto an 18 x 18 mm glass cover slip and dried for 30 minutes in an oven at 60 °C. The 

resulting mats were stored in sealed containers prior to analysis.  

2.2.3. Thickness Measurements 

The thicknesses of the mats were measured using a Veeco Dektak 6M 

profilometer, scanning over a scratch in the mat for a distance of 1000 µm for 15 s, with 

the stylus force set to 15 mg, and a height measurement range of 65.5 μm, resulting in a 

horizontal resolution of 0.22 µm/sample.  

2.2.4. Electron Microscopy 

Scanning electron microscopy (SEM) was performed on CNT/N-CNT mats with a 

LEO 1530 microscope operating at 10.00 kV. All mats analyzed by SEM were 

transferred onto a cleaned indium tin oxide (ITO) support rather than a glass slide to 

prevent sample charging, and stored in an airtight vial prior to analysis. Determination of 

the CNT/N-CNT lengths was done using a Hitachi S-5500 high resolution scanning 

tunneling microscope (STEM) operating at 30.00 kV. A diluted portion of the CNT/N-

CNT suspension was dropped onto a Cu TEM grid covered with a thin amorphous carbon 

film (Ted Pella). CNT/N-CNT lengths were determined using Quartz PCI software, 

version 8. 



 16 

2.2.5. Spectroscopic Methods 

2.2.5.1. X-Ray Photoelectron Spectroscopy 

X-Ray Photoelectron Spectroscopy (XPS) was performed using a Kratos Axis 

DLD spectrometer with an Al Kα radiation source with an analyzer resolution of 0.05 eV. 

Nitrogen content is reported as atomic percent (at.% N) as determined from high 

resolution XPS measurements of the N 1s spectral line, and is reported relative to the 

other elements present (carbon, oxygen, iron). Spectra were analyzed using Kratos Vision 

software, with a Shirley background correction. The reported errors in these 

measurements arise from measurements taken in triplicate in three different spots on each 

mat for multiple mats, and therefore report on the error in the CNT/N-CNT mats rather 

than the error in the instrument. All XPS spectra are presented with intensities normalized 

to the highest peak of each spectrum.  

2.2.5.2. Raman Spectroscopy 

Raman spectra were acquired using a Renishaw inVia Microscope using a 50 mW 

514.5 nm Argon ion laser operating at 50% power with a 50X objective. Four 50 second 

acquisitions were taken for each sample, scanning from 500 to 2000 cm
-1

. The spectra 

were fit using the PeakFit
TM

 v. 4 software, following the convention set forth by Cuesta 

et. al. of fitting five Gaussians at 1624, 1583, 1487, 1351, and 1220 cm
-1

, corresponding 

to the D’, G, D‖, D, and I bands, respectively.
21

 All spectral fits had correlation factors 

(R
2
) greater than 0.99. All Raman spectra are presented with intensities normalized to the 

highest peak of each spectrum. 

2.2.6. Electrochemical Analysis 

Electrochemical measurements were carried out on an Autolab PGSTAT30 

potentiostat interfaced with GPES software, version 4.9. Electrochemical 
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characterizations were carried out in the forms of cyclic voltammetry (CV) and 

chronocoulometry (CC). All electrochemical measurements were performed in a Teflon 

custom built flat bottom 3-electrode cell with a controlled surface area where the CNT/N-

CNT mat serves as the working electrode and a Pt mesh counter electrode is employed 

along with a Hg/Hg2SO4 reference electrode (saturated K2SO4, E
o
 = + 0.640 V vs. NHE). 

Both CV and CC measurements were taken in deaerated 1 mM hexammineruthenium(III) 

chloride (Ru(NH3)6, Strem Chemicals) in 1 M potassium nitrate (KNO3, Fisher). This 

electrolyte was chosen for its known behaviors and fast outer-sphere 1-electron transfer.  

CV was used to measure the peak splitting and current ratios to ensure that the 

CNT/N-CNT mats were exhibiting reproducible Nernstian behavior. This was 

accomplished by scanning from -0.4 V to -0.8 V vs. Hg/Hg2SO4 at 10 mV/s. CC was 

used to determine the electrochemical surface area by stepping the potential from -0.4 V 

to -0.8 V vs. Hg/Hg2SO4 for 10 s and calculating the area from the slope (m = 

2nFAD0
1/2

Cπ
-1/2

) of the linear portion of the Q vs. t
1/2

 plot where D0 = 7.3 x 10
-6

 cm
2
 s

-1
.
8
 

The roughness factor was taken by dividing the electrochemical surface area by the 

measured geometric surface area of the exposed electrode during electrochemical 

measurements, held constant at 0.49 cm
2
 by the geometry of the electrochemical cell. 

Due to their hydrophobic nature, each CNT/N-CNT mat electrode was wetted before use 

by scanning 10 times from 0 to -1.0 V vs. Hg/Hg2SO4 in the electrolyte solution, or until 

the electrodes were visibly wet. All electrochemical measurements were taken on a 

minimum of three different mats for each doping level, with reported errors arising from 

the standard deviations in these measurements. 
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2.3. RESULTS AND DISCUSSION 

2.3.1. Morphological Effects 

In order to thoroughly characterize the CNT/N-CNT mats, their surface 

morphologies were evaluated qualitatively and quantitatively via SEM and STEM, 

respectively. The CNT/N-CNT lengths were measured using a high resolution STEM 

immediately following the sonication procedure and before the vacuum filtration process 

that ultimately forms the mat electrode. It was found that as nitrogen doping (N-doping) 

is increased, the overall N-CNT lengths used to make each mat are decreased (Figure 

2.1). By evaluating these results in terms of the synthesis procedure, we can gain valuable 

insights into the effect that N-doping has on the mat electrodes. 

N-CNTs with 4.0 at.% N are synthesized solely from the pyridine precursor, with 

no NH3 used. Based on the histograms shown in Figure 2.1, it is apparent that the 

addition of NH3 affects the average length of the N-CNTs in that they are more easily 

shortened during sonication with the length distribution becoming more monodisperse. 

Both 0.0 and 4.0 at.% N-CNTs, have a wider distribution of lengths with both short (0.9 

µm) and long (up to 22 µm) CNTs present, with the mean centering on ~7 µm. This trend 

is greatly altered for N-CNTs with higher at.% N, tracking with increased additions of 

NH3 during synthesis. For highly doped N-CNTs the distribution is more centered around 

the mean of 2 µm, and no N-CNTs longer than 7 µm are observed, however some as 

short as 0.1 µm are present. Qualitatively the influence of N-CNT length upon the 

morphology of the mats can be observed in SEM images (Figure 2.2). Careful inspection 

of these images reveal three general trends corresponding to subtle changes in the 

synthesis procedures, using m-xylene for undoped CNTs, pyridine only for 4.0 at.% N-

CNTs, and pyridine with NH3 gas for >5.0 at.% N-CNTs.   
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Figure 2.1.  Histograms of N-CNT lengths within each N-doping level determined by 

high resolution STEM for N-CNT Mats. 
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Figure 2.2.  Representative SEM images of N-CNT mat electrodes showing surface 

morphology effects of nitrogen doping on the mat (A) 0.0 at.% N, (B) 4.0 

at.% N, (C) 5.0 at.% N, (D) 6.3 at.% N, and (E) 7.4 at.% N mat electrodes. 

Scale bars are 10 µm in large images and 2 µm in insets. 
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The morphological differences are quantified in terms of the roughness factor (Table 2.1), 

ranging from 1.1 to 7.5 for the roughest N-CNT mat with 6.3 at.% N, where a value of 1 

would indicate a smooth surface (where electrochemically active surface area equals the 

geometric surface area, ESA = GSA).  

From the large scale images (scale bar = 10 μm), it is apparent that the N-CNT 

mats exhibit a strikingly different morphology than the 0.0 at.% N-CNT mats, even 

though randomly oriented network structures are observed for all mats and are consistent 

with other reports (Figure 2.2).
3, 5, 22

 Figure 2.2B shows mats containing 4.0 at.% N-

CNTS that display unique ―ropelike‖ structures at the large scale view, however at a 2 

μm scale networks similar to that observed for the 0.0 at.% N-CNT mats can be seen. As 

shown in Figure 2.2C, the mats with 5.0 at.% N-CNTs, show a disruption of the ropelike 

features seen at the 4.0 at.% N doping level, but the overall network structure, as shown 

in the inset, is continuous and is relatively free of disruptions, such as those caused by the 

shortened N-CNTs covering the surface. When comparing the small scale SEM images 

for the 6.3 at.% N-doping level with those of the previous three doping levels, there is a 

marked difference in the N-CNT structure and network. Rather than forming a 

continuous network of individual N-CNTs, clusters of N-CNTs are seen that show signs 

of disruption, as indicated by the ―waviness‖ of the tubes themselves (Figure 2.2D). This 

correlates to the highest roughness factor of the five doping levels investigated. Once N-

doping is increased to 7.4 at.% N a ―conducting stick‖ structure is observed, as reported 

previously,
17

 with shorter N-CNTs on the mat surface, but better packing throughout, as 

indicated by the thinner nature of these mats (Figure 2.2E, Table 2.1). The large scale 

SEM image shows a rough structure with the ropelike features entirely eradicated, 

however the close up image shows a network structure similar to that of the 4.0 and 5.0 

at.% N mats, but with shorter individual N-CNTs decorating the surface, contrary to the  
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Table 2.1.  N-CNT physical parameters. Length, electrochemical surface area (ESA), 

roughness factor, and thickness of N-CNT mats for each doping level 

investigated. 

Nitrogen Content 

(at.% N) 

Length   (µm) ESA  

(cm
2
) 

Roughness 

Factor 

Thickness 

(µm) 

0.0 7 ± 3 0.5 ± 0.2 1.1 ± 0.4 5.4 ± 0.5 

4.0 7 ± 3 1.6 ± 0.5 3.2 ± 0.9 7.1 ± 0.4 

5.0 3 ± 1 2.9 ± 0.3 5.9 ± 0.6 6 ± 1 

6.3 2 ± 1 3.7 ± 0.4 7.5 ± 0.8 4.4 ± 0.3 

7.4 2.0 ± 0.6 3.4 ± 0.9 7.0 ± 0.9 4.0 ± 0.5 
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6.3 at.% N-CNT mats where the surface clusters are more prevalent. Combining the 

quantitative data of the roughness factors and the qualitative trends observed in the SEM 

images, it becomes clear that this system is highly influenced by the surface morphology 

of the mats, which cannot be directly separated from the effects of the N-doping as these 

two parameters are convoluted with one another.  

2.3.2 Structure 

2.3.1 Raman Spectroscopy 

Raman spectroscopy is a particularly useful tool for characterizing the structure of 

the N-CNT mats as it allows us to comparatively study the disorder incorporated into the 

N-CNTs due to the doping process. This is accomplished by measuring the ―disorder‖ 

(D), and ―graphite‖ (G) bands which appear at 1355 cm
-1

 and 1583 cm
-1

, respectively. 

The D band is attributed to a Raman inactive mode that becomes active as the disorder in 

the system is increased, or as the symmetry near a crystalline edge is reduced.
19, 23

 The G 

band is present in all sp
2
 hybridized carbon materials, and arises from the E2g vibrational 

mode. The amount of disorder in the N-CNT mats can be quantified by taking the ratio of 

these two bands (ID/IG), from which the relative levels of graphitization in the electrodes 

can be quantified by estimating the in-plane crystalline length, La, in nanometers.
24

 As 

described by Tuinstra and Koenig, La
-1

 can be used as an estimation of the edge plane site 

density.
25

  

As these two bands exhibit significant overlap, it is necessary to deconvolute 

them, following the method of Cuesta, et. al., by fitting five bands at 1624, 1583, 1487, 

1355, and 1220 cm
-1

, corresponding to the D’, G, D‖, D and I bands, respectively.
21

 An 

example of how these spectra are fitted is shown in Figure 2.3. Qualitatively, it is 

apparent from the overlaid Raman spectra for all five doping levels shown in Figure 2.4  
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Figure 2.3.  Sample integration of first order Raman peaks of 0.0 at.% N and 7.4 at.% N-

CNT mats. The D band is located at 1355 cm
-1

 and the G band is located at 

1583 cm
-1

. The integrated ID/IG ratio was taken by fitting five Gaussians 

under the peaks, located at 1220, 1355, 1487, 1583, and 1624 cm
-1

, as 

indicated by the dashed lines. 
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Figure 2.4. Normalized and offset first-order Raman spectra of N-CNT mats with 

increasing nitrogen content.  
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that as the nitrogen content is increased, so is the system disorder. This is represented 

quantitatively by the ID/IG ratios shown in Table 2.2. From this data it is apparent that the 

edge plane site density (La
-1

) tracks with the level of N-doping in the mats, ranging from 

0.101 ± 0.008 to 0.45 ± 0.02 nm
-1

 for the 0.0 to 7.4 at.% N-CNT mats, suggesting that the 

nitrogen concentration has a direct effect on the amount of disorder and density of edge 

plane sites measured in the N-CNT mats. Additionally, as the N-CNTs are tubular 

carbons, the tortuosity (Leq) can also be calculated from Raman spectroscopy by 

analyzing the ratio of the integrated areas for the 2D and D bands, where the 2D band is 

the overtone of the D band, located at 2700 cm
-1

.
26

 This value estimates the total length of 

the curved graphene plane, similar to La, where an increase in Leq indicates an increase in 

the graphitic nature of the N-CNTs (Table 2.2). So, as the N-content is increased, the 

graphitic nature is decreased. 

2.3.2. X-Ray Photoelectron Spectroscopy 

X-Ray Photoelectron Spectroscopy (XPS) is an important characterization tool for 

the N-CNT mat electrodes since it is used to determine the concentration of nitrogen 

incorporated in the CNTs, relative to the other elements present. High resolution XPS 

analysis shows three distinct peaks at 398.6, 400.9 and 404.9 eV (Figure 2.5). The peak at 

398.6 eV is commonly attributed to pyridinic-type nitrogen,
19, 27-29

 and the peak at 400.9 

eV is attributed to a convolution of both pyrrolic/pyridonic and quaternary functionalities, 

the former at 400 eV and the later at 401 eV. 
19, 27, 30-34

 The assignment of the peak at 

404.9 eV is unclear, and could be attributed to chemisorbed N-oxides,
30, 34, 35

 pyridinic 

oxides,
31, 36

 molecular N2,
37, 38

 or shake-up satellites.
34, 39

 This peak cannot be assigned to 

one singe functionality, and is instead possibly a convolution of various possible  
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Table 2.2.  N-CNT structural parameters. ID/IG, A2D/AD ratios, inverse in plane 

crystalline plane length (La
-1

), and tortuosity (Leq) determined from Raman 

Spectroscopy.  

Nitrogen Content 

(at.% N) 

ID/IG La
-1

 (nm
-1

) A2D/AD Leq (nm) 

0.0 0.34 ± 0.03 0.077 ± 0.006 6.78 ± 0.7 59 ± 6 

4.0 0.82 ± 0.03 0.187 ± 0.006 0.37 ± 0.03 3.2 ± 0.2 

5.0 0.99 ± 0.04 0.224 ± 0.008 0.24 ± 0.02 2.1 ± 0.2 

6.3 1.02 ± 0.02 0.232 ± 0.004 0.145 ± 0.007 1.28 ± 0.06 

7.4 1.09 ± 0.04 0.25 ± 0.01 0.047 ± 0.004 0.42 ± 0.03 
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Figure 2.5.  Normalized high resolution XPS spectra of N 1s for N-CNT mats (3 scan 

averaged) with increasing nitrogen content.   
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coordinations. Heat treatment experiments were undertaken to determine the effect of 

removable surface N-oxides on the total nitrogen content. Our results show that even 

after heat treatment in a reducing atmosphere, the peak at 404.9 eV is only slightly 

diminished, and therefore cannot be attributed to the presence of N-oxides formed from 

adsorption of O2 or H2O alone. A schematic representation of the structures of these 

different coordinations is shown in Figure 2.6.  

2.3.3. Electrochemical Response 

As the N-CNT mats are intended for electrochemical use, it is highly important to 

verify that their response to a known standard electrochemical couple is as would be 

expected for a standard commercial carbon electrode. This characterization was done 

using CV in 1 mM Ru(NH3)6 in 1 M KNO3, where the specific redox couple investigated 

is Ru(NH3)6
3+ ↔ Ru(NH3)6

2+
 (E

0
 = -540 mV vs Hg/Hg2SO4), a reversible, one electron 

transfer reaction (Figure 2.7). It is apparent from the CVs shown in Figure 2.7 that as the 

N-doping is increased, so is the capacitance of the electrode material. The main 

parameters of interest for the electrochemical characterization of the N-CNT mat 

electrodes are peak potential (Ep), peak splitting between the cathode and anodic sweep 

(ΔEp) and the ratio between the cathodic and anodic currents (ipc/ipa). For Ru(NH3)6 we 

would expect Nernstian behavior, so ideally, ΔEp = 59 mV and ipc/ipa = 1.
40

 Table 2.3 

shows the above listed characterization parameters for all of the N-doping levels with all 

of the ΔEp values ranging from 37 ± 4 to 69 ± 6 mV and ipc/ipa values ranging from 0.7 ± 

0.1 to 1.5 ± 0.2. These values do not follow any particular correlation to N-doping level, 

and instead serve to indicate that the measured values fall within an acceptable range for  
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Figure 2.6.  Schematic representation of N-CNT backbone showing potential nitrogen 

coordinations. 
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Figure 2.7.  Representative CVs of CNTs in Ar-purged 1 mM Ru(NH3)6 in 1 M KNO3, , 

pH = 6.40 ± 0.03. Scan rate: 10 mV/s.  
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Table 2.3.  N-CNT electrochemical parameters for 1 mM Ru(NH3)6 in 1 M KNO3, pH 

6.40 ± 0.03. Scan rate = 10 mV/s.  

 

Nitrogen Content 

(at.% N) 

Ep (mV) ΔEp (mV) ipc/ipa 

0.0 -645 ± 3 69 ± 6 1.5 ± 0.2 

4.0 -628 ± 1 37 ± 4 1.1 ± 0.8 

5.0 -629 ± 3 45 ± 4 0.8 ± 0.2 

6.3 -638 ± 2 60 ± 5 0.7 ± 0.1 

7.4 -637 ± 2 58 ± 2 0.8 ± 0.3 
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the electrolyte, and that the N-CNT mat electrodes are behaving as standard carbon 

electrodes. 

The 4.0 at.% N-CNT mats exhibited the lowest ΔEp value of 37 ± 4 mV, which 

could indicate potential surface adsorption reactions between the electrode and the 

electrolyte. To investigate if this type of interaction is occurring, a scan rate dependence 

CV experiment was performed on the 4.0 at.% N-CNT electrodes. This was done by 

varying the scan rate from 50 mV/s to 500 mV/s in 50 mV/s increments and plotting the 

dependence of the peak current versus the square root of the scan rate (Figure 2.8).  

A linear correlation between the square root of the scan rate (ν
1/2

) and peak 

current (ip) is predicted by the Cottrell equation for systems in which the electron transfer 

is limited by the diffusion of the species to the surface.
40

 A system in which the species is 

adsorbed to the electrode surface would instead show a linear correlation between the 

peak current and the scan rate itself (ν). As both the anodic and cathodic peak currents 

correlate well with ν
1/2

 (R
2
 > 0.99), it can be concluded that there is not a surface 

adsorption reaction occurring at the 4.0 at.% N-CNT mats. Instead, the smaller calculated 

ΔEp values may be artifacts of a convolution between the capacitive and Faradaic 

responses, which make the determination of the value more difficult due to complications 

with subtracting the background response. From the electrochemical data it is apparent 

that our N-CNT mats exhibit nearly Nernstian behavior in this controlled system across 

all N-doping levels, which indicates that they are viable electrode materials for further 

study of N-CNT properties. 

Because of the flat configuration of the N-CNT mats, all electrochemical 

experiments are performed in a custom-built cell in which the mat is placed flat at the 

bottom and the cell is mounted above the mat. This set-up also allows for a controlled 

geometry, with the exposed mat area being a constant 0.49 cm
2
. The electrochemical  
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Figure 2.8.  Scan rate dependence of 4.0 at.% N-CNT mats in Ar-purged 1 mM 

Ru(NH3)6 in 1 M KNO3, pH = 6.40 ± 0.03. (A) CVs at scan rates 50 mV/s to 

500 mV/s, taken in 50 mV/s intervals. (B) Relationship between anodic and 

cathodic peak currents and scan rate. 
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surface area (ESA) is an additional quantitative parameter that helps characterize the mats 

in terms of the amount of N-doping, as well as yielding a useful parameter for 

normalizing our electrochemical data. The calculated ESA’s are shown in Table 2.1, 

where it is apparent that the ESA increases with N-doping, likewise corresponding to the 

above discussed morphological trends.  

2.4. CONCLUSIONS 

N-CNT mats have been characterized with respect to the amount of nitrogen 

incorporated in the CNTs. Morphological effects have been examined both qualitatively 

and quantitatively through the use of SEM and STEM, respectively. Analysis of this data 

reveals that the morphologies of the N-CNT mats exhibit unique differences which can 

be explained both via the different parameters used in the synthesis procedure as well as 

the lengths of N-CNTs incorporated into each mat.  

Structural analysis was performed with both Raman spectroscopy and XPS. 

Raman analysis provided information regarding the relative amounts of disorder in the 

system as well as giving an estimation of the number of edge plane sites found in each N-

doping level. This data showed that as the N-content is increased so is the disorder in the 

system, and likewise the density of edge plane sites. XPS analysis revealed that there are 

three primary nitrogen coordinations found in the mats, pyridinic, pyrrolic and 

quaternary. Electrochemical data showed near Nernstian response for all 5 N-doping 

levels of mats when used with a standard redox couple, indicating that they are viable 

electrode materials. Analysis of the ESAs showed that the active surface area of the N-

CNT mats increases with N-doping, and likewise so does the roughness factor. N-CNT 

mat electrodes were thoroughly characterized and provide a new material for 

electrochemical experiments. These non-supported mat electrodes are advantageous for 
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further studies on the effect of N-doping on CNTs in that subtle changes in the electronic 

properties of the N-CNTs can be monitored without relying on a secondary conductive 

support which could potentially convolute the results. 
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CHAPTER 3 

Effect of Nitrogen Concentration on Capacitance, Density of States, and 

Electronic Conductivity of N-Doped Carbon Nanotube Electrodes* 

3.1. INTRODUCTION 

The electronic and structural properties of carbon nanotubes (CNTs) can be varied 

depending on the preparation method, processing parameters, and doping with 

heteroatoms.
1-6

 In particular, nitrogen atoms doped within the graphite matrix act as 

electron donors and promote n-type conductivity.
7, 8

 Previous studies have shown that 

nitrogen-doped carbon nanotubes (N-CNTs) have metallic properties and are 

characterized by the presence of a donor state close to the Fermi level.
9-12

 Others have 

shown that the increase of the localized density of states at the Fermi level improves 

desired physicochemical properties for certain applications such as lower voltage 

emission currents for field emitters, enhanced electron-transfer rates for carbon 

electrodes
13, 14

 and improved electrocatalytic properties.
15

 Recently, our group has shown 

that N-doping not only influences the electrochemical properties, but that it also has a 

significant effect on structural parameters.
16-18

 In particular, N-CNTs have a more 

defective structure compared to undoped CNTs, with more disruptions in the graphitic 

lattice, creating more edge plane sites as the amount of nitrogen is increased.
19

  

Even though numerous papers have extensively reviewed CNT properties and 

applications,
20-24

 including those on CNTs as electrode materials,
25, 26

 reports that detail 

the influence of nitrogen concentration in the N-CNTs on the electronic, structural, and 

electrochemical properties are scarce. While it is now well established that the electronic 

conductivity and the rate of electron transfer are related to the apparent density of states 

                                                 
* Portions of this chapter were published in Wiggins-Camacho, J. D.; Stevenson, K. J. J. Phys. Chem. C 

2009, 113, 19082-19090. Available online at http://dx.doi.org/10.1021/jp907160v. 
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at the Fermi level, D(EF), for semimetal carbonaceous materials,
13, 25

  there still is lack of 

fundamental understanding of how heteroatom doping of graphitic carbons correlates 

with structural, electronic and electrochemical properties. The D(EF) is known to both 

increase due to both nitrogen doping and increased disorder and the corresponding 

electron transfer rate is likewise increased due to the electronic modification of the 

carbon (rather than the addition of surface chemical sites).
15, 27

 This situation is very 

different in metals where the D(EF) is essentially constant.
28

 Given that D(EF) in 

semimetal systems is variable depending upon crystallinity, amount of disorder, dopant 

concentration, and method of preparation, it can be used as a quantitative parameter to 

understand semimetal material properties.
29

  

In this chapter we describe how the nitrogen concentration in N-CNTs correlates 

with structural, electronic and electrochemical properties. In particular, electrochemical 

impedance spectroscopy (EIS) is used to evaluate the differential capacitance and to 

estimate the effective D(EF) of N-CNT electrode mats composed of randomly oriented 

networks of carbon nanotubes, as characterized and discussed in Chapter 2. Raman and 

photoelectron spectroscopies, electron microscopy, and four point conductive probe 

studies are used to correlate electrochemical properties with compositional, structural, 

textural, work function and electronic conductivity data.  

3.2. EXPERIMENTAL 

3.2.1. Synthesis of Carbon Nanotubes 

Both undoped (CNT) and N-CNTs (CNT/N-CNTs) were synthesized via our 

previously reported
18, 19

 floating catalyst chemical vapor deposition (CVD) method using 

a ferrocene growth catalyst (Alfa Aesar) and m-xylene, anhydrous (Sigma-Aldrich) or 

pyridine (Fisher) as the carbon source, respectively. Briefly, 1.0 mL of a 20 mg mL
-1
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precursor solution was injected at a rate of 0.1 mL min
-1

 into a dual zone tube furnace, 

with a quartz tube spanning both zones. The precursor solution was heated to the 

vaporization temperature in the first zone (150/130 °C for m-xylene and pyridine, 

respectively) and carried into the second zone by carrier gases (Ar-H2 or Ar-NH3 for 

undoped and N-CNTs, respectively), at a total flow rate of 575 sccm, where the NH3 flow 

rate was systematically increased to change the doping level in the N-CNTs, as 

previously reported.
19

 The mixture was pyrolyzed upon reaching the second zone at the 

respective appropriate temperature (700 °C for CNTs and 800 °C for N-CNTs), resulting 

in the growth of multiwalled CNT/N-CNTs along the inner wall of the quartz tube. The 

CNT/N-CNTs were collected after cooling the tube to room temperature in an argon 

environment, and stored in an airtight vial prior to the mat assembly procedure. In all 

experiments presented herein, five N-CNT doping levels were investigated, 

corresponding to 0.0, 4.0, 5.0, 6.3 and 7.4 at. % N content as determined by XPS. 

3.2.2. CNT Mat Assembly 

Free standing CNT/N-CNT mat electrodes were made via a vacuum filtration 

method, modified from previously reported procedures.
30-32

 Briefly, a suspension of 0.40 

mg mL
-1 

CNT/N-CNTs in ethanol was sonicated for 16 hours to create a uniform 

suspension. 1 mL of the suspension was then vacuum filtered through an Anodisc porous 

alumina membrane (Whatman, 0.2 µm pore size, 13 mm diameter) and allowed to dry 

over vacuum to evaporate any excess ethanol. The alumina membranes were then 

removed with 6 M NaOH and the resulting mat was thoroughly rinsed with Nanopure 

water (18 MΩ cm) until the pH of the rinsate was neutral. The mat was then transferred 

onto an 18 x 18 mm glass cover slip and dried for 30 minutes in an oven at 60 °C. The 

resulting mats were stored in sealed containers prior to analysis. Acid treated mats were 
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―super-washed‖ in a 0.6 mg/mL suspension of 3 M HCl at 90 °C for 12 hours to remove 

residual Fe catalyst. Fe removal (less than 0.2 at.% Fe by XPS) was confirmed with high 

resolution XPS analysis as well as STEM imaging. The acid treated CNT/N-CNTs were 

collected via vacuum filtration and rinsed until pH of the rinsate was neutral and dried for 

20 minutes in an oven at 60 °C. Mats were then assembled according to the procedure as 

previously described.  

3.2.3. Electrochemical Impedance Spectroscopy 

Electrochemical measurements were carried out on an Autolab PGSTAT30 

potentiostat interfaced with both Autolab FRA and GPES software, versions 4.9. The 

electrolyte solution used for all EIS measurements was 1 M tetrabutylammonium 

hexafluorophosphate ((C4H9)4NPF6, Aldrich) in acetonitrile. This relatively high 

electrolyte concentration allows us to follow the simpler Helmholtz model in the 

determination of the capacitance. Prior to dissolution in acetonitrile, the electrolyte salt 

was recrystallized three times from ethanol and dried under vacuum overnight at 90 °C 

for purification purposes. Following the method of Hahn et al., the EIS was measured at 

0.2 V steps from -0.8 V to +0.8 V vs. Ag/Ag
+
 with a 600 s equilibration time allowed at 

each step.
33

 The potential was modulated with the impedance analyzer at a frequency of 

100 mHz (10 mV rms). The capacitance was then calculated from the imaginary part of 

the impedance (Z
im

) according to C = -1/(2πfZ
im

).
34

  

3.2.4. Conductivity 

The conductivity of the mats was determined using a Signatone SP4-62045TRS 

four point probe head coupled with an HP 3478A multimeter used in the 4-wire Ohms 

mode. The sheet resistance was calculated using the equation Rs = C x V/I where C is a 

correction factor, taken as 0.83 for a thin circular slice where the diameter of the sample 
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divided by the probe tip spacing (d/s) is 8.2.
34

 All measurements were performed on a 

minimum of five different mats to provide standard deviations in the resistivity values, 

and this error was propagated through for the conductivity calculation. To convert to bulk 

resistivity, the sheet resistance is multiplied by the mat thickness, ρ = Rs x t. The 

thicknesses used in the calculations were measured using a Veeco Dektak 6M 

profilometer, scanning over a scratch in the mat for a distance of 1000 µm for 15 s, with 

the stylus force set to 15 mg, and a measurement range of 65.5 μm, resulting in a 

resolution of 0.22 µm/sample (reported in Chapter 2). For each doping level four 

different mats were measured, and the thickness averages of each N-doping level were 

used in the resistivity calculation.  

3.2.5. Spectroscopic Methods 

3.2.5.1. Photoelectron Spectroscopy 

X-Ray Photoelectron spectroscopy (XPS) and UV Photoelectron spectroscopy 

(UPS) were performed using a Kratos Axis DLD spectrometer with both an Al Kα 

(1486.7 eV) and He I lamp source (21.21 eV), with an analyzer resolution of 0.05 eV. 

Nitrogen content is reported as at.% N as determined from high resolution XPS 

measurements of the N 1s spectral line, and are reported relative to the other elements 

present (carbon, oxygen, iron). The labeled nitrogen contents are an average of the acid 

treated and untreated measurements as the N-content is not observed to change 

significantly with acid washing. Spectra were analyzed using Kratos Vision software, 

with Shirley background correction. All UPS data taken were normalized to the Fermi 

edge of gold after sputtering with Ar
+
 for 5 minutes to remove any surface impurities. 

This measurement was used also as an internal standard for the accuracy of the 

instrument (ΦAu = 5.03 ± 0.05 eV). The work function of the mats was calculated using 
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the equation Φ = Ephoton - EHBC, where the high energy binding cutoff (EHBC) was 

determined by fitting to a linear line and extrapolating to zero intensity.
35

 The reported 

errors in these measurements arise from measurements taken in triplicate in three 

different spots on each mat for multiple mats, and therefore report on the error in the 

CNT/N-CNT mats rather than the error in the instrument.  

3.2.5.2. Raman Spectroscopy 

Raman spectra were acquired using a Renishaw inVia Microscope using a 50 mW 

514.5 nm Argon ion laser operating at 50% power with a 50X objective. Four 50 second 

acquisitions were taken for each sample, scanning from 500 to 2000 cm
-1

. The spectra 

were fit using the PeakFit
TM

 v. 4 software, following the convention set forth by Cuesta 

et. al. of fitting five Gaussians at 1624, 1583, 1487, 1351, and 1220 cm
-1

, corresponding 

to the D’, G, D‖, D, and I bands, respectively.
36

 All spectral fits had correlation factors 

(R
2
) greater than 0.99. All Raman spectra are presented with intensities normalized to the 

highest peak of each spectrum.  

3.2.6. Electron Microscopy 

Scanning electron microscopy (SEM) was performed on CNT/N-CNT mats with a 

LEO 1530 microscope operating at 10.00 kV. All mats analyzed by SEM were 

transferred onto a cleaned indium tin oxide (ITO) support rather than a glass slide to 

prevent sample charging, and stored in an airtight vial prior to analysis. Length 

determination was done using a Hitachi S-5500 high resolution scanning tunneling 

microscope (STEM) operating at 30.00 kV. A diluted portion of the CNT/N-CNT 

suspension was dropped onto a Cu TEM grid covered with a thin amorphous carbon film 

(Ted Pella). CNT/N-CNT lengths were determined using Quartz PCI software, version 8. 



 45 

3.3. RESULTS AND DISCUSSION 

3.3.1. Capacitance and Density of States 

It is expected that D(EF) will increase with the N-doping levels, due to an increase 

N concentration, edge plane sites and disorder on the N-CNTs themselves, which causes 

the material to behave in a more metallic manner. Prior research in our group shows that 

doping nitrogen into the N-CNT lattice increases disorder and number of edge plane 

sites.
18

 We postulate that the electrochemical behavior observed when using the N-CNTs 

as electrodes is enhanced over the undoped CNTs because the former has a higher density 

of active sites available for electron transfer,
16

 but are unsure how the nitrogen 

concentration also influences the electronic properties of N-CNTs. Therefore, 

electrochemical impedance spectroscopy (EIS) was conducted to determine the apparent 

density of states at the Fermi level, D(EF) as a function of nitrogen concentration. We 

note that our CVD synthesis procedure of the CNTs results in the presence of Fe metal 

impurities within our nanocarbons,
37

 which some have argued are the primary cause of 

the observed enhancement in catalytic activity.
38-40

 For this reason, all experiments 

presented herein were replicated on acid washed CNT/N-CNT mats to determine the 

effect of the Fe presence on the electronic properties of the N-CNTs. Iron growth catalyst 

removal to Fe ≤ 0.2 at.% was verified with XPS (Figure 3.1) and visually confirmed with 

high resolution STEM imaging (Figure 3.2). 

D(EF) can be directly calculated from the differential capacitance of the material, 

which is determined using the imaginary impedance as determined from EIS by equation 

1. 

C = -1/(2πfZ
im

)        (1) 

Figure 3.3 shows the capacitance-potential curves over the measured potential 

range for five mat electrodes assembled with N-CNTs at various doping levels for both  
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Figure 3.1.  Normalized high resolution Fe 2p XPS spectra for (A) acid-treated and (B) 

untreated N-CNT mats (3 scan averaged) with increasing nitrogen content.   
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Figure 3.2.  High resolution STEM images of CNTs used to assemble N-CNT mats. Left 

panels: Acid treated (A) 4.0 at.% N, (C) 6.0 at.% N, and (E) 6.3 at.% N-

CNTs showing removal of Fe contaminations. Right panels: Untreated (B) 

4.0 at.% N, (D) 5.0 at.% N, and (F) 6.3 at.% N-CNTs, with iron impurities 

clearly present throughout. All scale bars = 100 nm.       
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acid treated (Figure 3.3A) and untreated (Figure 3.3B) N-CNTs. The capacitance is 

normalized by area using the BET surface areas of the N-CNTs for each doping level.
18

 

This figure shows that, as predicted, the capacitance increases with the increase in N-

doping for both untreated and acid treated mats, with minimal differences between the 

two preparation procedures. We note that the capacitance-potential curves for the 

undoped CNT mats exhibit the typical parabolic behavior expected for such capacitance 

plots of pristine high ordered pyrolytic graphite (HOPG). Interestingly, the N-doped mats 

exhibit a change in the shape of this curve which appears as a distinct shift in the 

minimum capacitance, signifying a shift in the potential of zero charge (PZC) from 0.0 to 

-0.6 V. This shift is most likely caused by the incorporation of nitrogen functionalities as 

pyridinium groups at edge plane sites along the N-CNTs,
19

 which create excess positive 

charge on N-CNTs surface. Therefore, the PZC of N-CNTs would shift to a more 

negative potential to compensate for this effect. 

The total double layer capacitance of the system, C, is taken as the minimum 

capacitance at the PZC, and can be modeled after an equivalent circuit, as shown by 

Gerischer et al.
41

 using eq. 2, where CH is the Helmholtz capacitance, taken as 20 µF/cm
2
 

from the capacity of a mercury electrode in the same electrolyte.
42

 

scH CCC

111
         (2) 

Using this equation, the space charge capacitance, Csc, can be determined which is 

related to D(EF) in units of states per cm
3
 eV

-1
 by eq. 3, where ε is the dielectric constant 

(3.3),
43

 ε0 is the vacuum permittivity and e0 is the electronic charge.
41, 42

 

  0eEDεεC Fosc          (3) 
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Figure 3.3.  Differential capacitance versus potential for (A) acid treated and (B) 

untreated N-CNT mats.  
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The resulting values of D(EF) for both untreated and acid-treated N-CNT mats are 

listed in Table 3.1, and show an increasing trend with nitrogen doping, ranging from 2.7 

± 0.6 x 10
20

 to 3 ± 1 x 10
21

 cm
-3

 eV
-1

 (or 0.0024 to 0.026 states atom
-1

 eV
-1

) for 0.0 to 7.4 

at.% N-doped mats, respectively. As shown in Figure 3.4A, the average D(EF) values are 

slightly decreased for acid treated mats compared to those observed for untreated N-CNT 

mats. However, there is no statistical difference in measured D(EF) between the untreated 

N-CNTs and acid treated N-CNTs, suggesting that residual Fe impurities have little 

influence on D(EF). Our measured D(EF) for HOPG of 2.4 ± 0.6 x 10
20

 cm
-3

 eV
-1

 is also 

consistent with the literature value of 2.25 x 10
20

 cm
-3

 eV
-1

,
42

 indicating that our system 

and experimental parameters yield reproducible and accurate results. The value for 

undoped CNT mats (2.7 ± 0.6 x 10
20

 cm
-3

 eV
-1

) indicates a subtle shift in the properties as 

compared to more ordered forms of graphite, which is expected based on the observed 

increased reactivity of CNTs, and corroborates the hypothesis that with higher disorder 

the D(EF) increases. The most dramatic shift measured is between the 0.0 and 4.0 at.% N 

doping levels where we report an increase of D(EF) by an order of magnitude to 1.5 ± 0.8 

x 10
21

 cm
-3

 eV
-1

, or 0.013 states atom
-1

 eV
-1

. This value is in good agreement with what is 

expected of a semimetal, and higher than the reported values for graphite of 0.002 states 

atom
-1

 eV
-1

, yet still lower than what would be expected of a metal such as gold, 0.28 

atom
-1

 eV
-1

.
44, 45

 Figure 3.4 shows that D(EF) increases proportionally with La
-1

, the 

inverse of the estimated in plane crystalline length, La, as determined by Raman analysis 

of D and G bands following the convention set forth by Cuesta (Chapter 2, Table 2.2).
36

 

As described by Tuinstra and Koenig, La
-1

 can be used as an estimation of the edge plane 

site density, which in this case tracks with the level of N-doping, and subsequently with 

D(EF), suggesting that both disorder and the number of edge plane sites, along with 

nitrogen concentration directly influences the electronic properties.
46
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Figure 3.4. Density of states at the Fermi level, D(EF), versus inverse of in plane 

crystallite length, La
-1

 for (A) acid treated and (B) untreated N-CNT Mats. 
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Table 3.1.  Density of States, density of charge carriers and mobility of N-CNT Mats 

Nitrogen 

Content 

(at.% N) 

Untreated N-CNT Mats Acid Treated N-CNT Mats 

D(EF) 

(cm
-3

 eV
-1

) 

D(EF) 

(states  

atom
-1

 

eV
-1

) 

Charge 

Carriers 

(cm
-3

) 

μ 

(cm
2
 V

-1
 

s
-1

) 

D(EF) 

(cm
-3

 eV
-1

) 

D(EF) 

(states  

atom
-1

 

eV
-1

) 

Charge 

Carriers 

(cm
-3

) 

μ 

(cm
2
 V

-1
 

s
-1

) 

0.0 2.7 ± 0.6 x 10
20 

0.0024 9.6 x 10
18 

299 2.56 ± 0.09 x 10
20 

0.0023 9.1 x 10
18 

245 

4.0 1.5 ± 0.8 x 10
21 

0.013 5.3 x 10
19 

67 1.1 ± 0.4 x 10
21 

0.0094 3.9 x 10
19 

72 

5.0 1.7 ± 0.5 x 10
21 

0.014 5.7 x 10
19

 43 1.5 ± 0.1 x 10
21 

0.013 5.3 x 10
19

 20 

6.3 2.4 ± 0.5 x 10
21 

0.021 8.5 x 10
19

 19 2.1 ± 0.9 x 10
21 

0.018 7.5 x 10
19

 6 

7.4 3 ± 1 x 10
21 

0.026 1.1 x 10
20

 18 2.3 ± 1 x 10
21 

0.020 8.2 x 10
19

 6 
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3.3.2 Structural and Electronic Relationships 

To probe the relationship between D(EF) and the concentration of each nitrogen 

coordination, further analysis of our XPS data was undertaken. Figure 3.5 shows the 

correlation between D(EF) and the thee contributing types of nitrogen in the N-CNT mats, 

pyridinic (398.6 eV), pyrrolic (400 eV) and quaternary (401 eV).
19, 47-52

 From this data  

it is apparent that the increase in D(EF) is most closely correlated to the pyridinic 

functionality. The quaternary coordination appears to be relatively constant throughout 

the different N-doped mats, and the pyrrolic functionality decreases somewhat. Based on 

these trends we report that increased D(EF) with N-doping arises predominately from an 

increase in pyridinic nitrogen, which facilitates the formation of a localized donor state 

close to the Fermi level, consistent with previous reports.
9, 10

  

This is quantitatively demonstrated by the calculation of the density of mobile 

charge carriers N(EF), the concentration of electrons and holes per cubic centimeter—

which is proportionally related to D(EF)—and is calculated using eq. 4, where the integral 

has the value of 0.693kT.
53

  

    
 


0

1

F /exp12)(EN dEkTEED F      (4) 

The calculated charge carrier values are provided in Table 3.1 and the same trend 

is seen as that for D(EF). Ideally, it should also follow that with an increase in D(EF) 

comes an increase in conductivity (σ) based on the relationship given by eq. 5, where 

μ(EF) is defined as the mobility of the electronic states at the Fermi level.
42

 

   kTEDEμeσ FF0        (5) 
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Figure 3.5.  N 1s peak ratio for the three primary nitrogen functionalities versus density 

of states at the Fermi level, D(EF), for (A) acid treated and (B) untreated N-

CNT Mats. 
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The measured conductivity values for both untreated and acid-treated N-CNT 

mats from the four point probe measurements are reported in Table 3.2. It is apparent 

from these measurements that the bulk electronic conductivity of either the acid treated or 

the untreated mats do not linearly scale with D(EF) (Figure 3.6A, B), suggesting that 

other factors must be influencing the bulk electronic conductivity of the mats. The 

hopping mobility (µ) has also been calculated from these values and is reported in Table 

3.1. We observe a trend of decreasing µ with increasing D(EF), and subsequently with 

increasing N-doping levels, as is consistent with the expected behavior for the doping of 

graphitic materials with heteroatom dopants such as nitrogen. It is interesting to note that 

although it has been well correlated that doping increases the concentration of charge 

carriers and raises the Fermi level, the correlation with the hopping mobility is not always 

direct as there are other effects that can decrease this rate.
54

 As discussed by Spain, this 

effect arises from several factors, including the effective mass is increased as the Fermi 

level rises, as well as the relaxation time for scattering is inversely related to D(EF) and 

proportionally related to µ.
55

   

 Further analysis of the observed conductivity trends indicate that the deviations 

from the expected proportionality trend between the bulk electronic conductivity and 

D(EF) can be explained by understanding variations in the surface morphology of the N-

CNT mat electrodes. Previous studies have shown that determining the electronic 

conductivity of N-CNTs is not trivial due to the many different variables that must be 

controlled, including nanocarbon junctions,
56-59

 topological changes,
60

 surface 

roughness,
61, 62

 geometry,
25

 and thickness.
63

 It is important to note that geometry and 

thickness are accounted for by holding the former constant and normalizing by the latter, 

thereby reducing their potential influences on the conductivity. 
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Table 3.2.  N-CNT lengths and conductivity of N-CNT Mats 

Nitrogen 

Content 

(at.% N) 

Untreated CNT Mats Acid Treated CNT Mats 

Rs 

(Ω/sq) 

ρ 

(Ω cm) 

σ 

(Ω
-1

cm
-1

) 

Rs 

(Ω/sq) 

ρ 

(Ω cm) 

σ 

(Ω
-1

cm
-1

) 

0.0 5.6 3.0 ± 0.7 x 10
-3

 333 ± 74 3.8 4 ± 2 x 10
-3

 258 ± 145 

4.0 3.4 2.4 ± 0.5 x 10
-3

 416 ± 80 3.5 3.1 ± 0.9 x 10
-3

 325 ± 99 

5.0 5.6 4 ± 1 x 10
-3

 283 ± 118 7.4 8 ± 3 x 10
-3

 123 ± 52 

6.3 12.1 5 ± 1 x 10
-3

 190 ± 36 15.1 1.9 ± 0.5 x 10
-2

 53 ± 15 

7.4 11.5 4.6 ± 0.9 x 10
-3

 219 ± 45 11.2 1.7 ± 0.3 x 10
-2

 60 ± 11 
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Figure 3.6.  Conductivity trends of N-CNT mats: Conductivity versus D(EF) for (A) acid 

treated and (B) untreated mats, conductivity versus CNT length for (C) acid 

treated and (D) untreated mats, and conductivity versus roughness factor for 

(E) acid treated and (F) untreated N-CNT mats. The roughness factor is 

calculated as the electroactive surface determined using chronocoulometry 

divided by the geometric surface area of 0.49 cm
2
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Determination of the average length of the N-CNTs used to assemble the mats 

(Chapter 2, Figure 2.1), shows that shorter lengths correspond to decreased 

conductivities. This indicates that the bulk conductivity is junction dominated as shown 

in Figures 3.6C, 3.6D.  As the four point probe method evaluates the bulk electronic 

conductivity of the system rather than the conductivity of individual N-CNTs, this trenc 

explain why the mats prepared with N-CNTs containing 5.0, 6.3 and 7.4 at.% N have 

higher D(EF) values, but lower electronic conductivities than N-CNT mats containing 0.0 

and 4.0 at.% N. These observations are consistent with literature reports for CNT films 

consisting of shorter carbon nanotube lengths the possess more CNT-CNT junctions 

within the film and display a decreased conductance.
56, 59

  

Analysis of the conductivity trends as a function of the average CNT lengths, as 

reported in Chapter 2 (Figure 2.1) yields interesting insight into the materials. For 

example, both the 0.0 and 4.0 at.% N mats are made from longer untreated N-CNTs of ~7 

± 3 µm. When untreated N-CNT mats have nearly the same average N-CNT length, the 

bulk electronic conductivity of the mat increases from the undoped to the N-doped 

varieties. This behavior is also seen for the 6.3 and 7.4 at.% N mats whose average N-

CNT lengths are also statistically the same, 2 ± 1 and 2.0 ± 0.6 µm, respectively. 

Although the three highest doped N-CNT mats have lower conductivities than the two 

lower doped mats, analyzing this data in the context of their average length, allows us to 

better understand this trend. Specifically, comparing the 6.3 and 7.4 at.% N-CNT mats, 

which are both comprised of 2 µm CNTs on average, the conductivity is increased from 

190 ± 36 Ω
-1

 cm
-1

 to 219 ± 45 Ω
-1

 cm
-1

. This indicates that not only is junction resistance 

a contributing factor but that also with N-doping, the conductivity does increase with 

D(EF), with higher N-doping levels. The measured electronic conductivity for the 5.0 

at.% N-CNT mats of 283 ± 118 Ω
-1

 cm
-1

 is lower than the 4.0 at.% N-CNT mats (416 ± 
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36 Ω
-1

 cm
-1

) due to the increased junction resistance as these mats are composed of 

shorter N-CNTs (3 µm versus 7 µm for the 4.0 at.% N mats), however this electronic 

conductivity is still higher than the 6.3 and 7.4 at.% N mats as the latter two are 

composed of still shorter N-CNTs (2 µm). The mats made from the longest N-CNTs (7 

µm), and therefore containing the fewest junctions, are shown to have the highest 

conductivities, indicating that the N-CNT mats are junction dominated, which is also 

observed for measured conductivities for the acid treated N-CNT mats. Comparatively, 

the same trend is observed for the acid treated 0.0, 4.0 and 5.0 at.% N mats, however a 

further decrease in conductivity is observed for the acid treated 6.3 and 7.4 at.% N mats 

(Figure 3.6). This decrease is likely due to an increase in junction resistance created by 

the further shortening of the N-CNTs to ~1 µm during the acid washing procedure 

(Figure 3.6C).  

3.3.3. UV Photoelectron Spectroscopy 

UV Photoelectron spectroscopy (UPS) was used to estimate the work function for 

untreated, acid treated N-CNT mats and dispersed N-CNT powders. UPS spectra show 

the general trend that the Fermi edge is shifted slightly positive as the nitrogen content is 

increased (Figure 3.7). The work functions calculated for untreated N-CNT mats fall 

within the low range of values reported in the literature,
64-67

 and a trend of increasing 

work function (Φ) with D(EF) is seen (Table 3.3). Literature values for the work function 

of multi-walled CNTs (MWCNTs) have been measured by various groups, all reporting 

values ranging from 4.3 to 4.95 eV for pure materials
64, 66, 68, 69

 and 4.4 to 5.1 eV
64, 70

 for 

more disordered or acid treated carbons. The measured work function for untreated N-

CNT mats ranged from 4.18 ± 0.09 eV to 4.52 ± 0.03 eV from 0.0 to 7.4 at.% N, 

respectively. These reported values are well within the range of expected values based on 
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the current literature.  As UPS is a method that is highly sensitive to the surface structure, 

fresh N-CNT powders were also evaluated to ensure that the reported trend is due to N-

doping rather than surface modifications resulting from the mat assembly procedure. The 

resulting work function values follow the same trend of increasing Φ with D(EF), 

however the calculated values are higher than those reported for the N-CNT mats, 

ranging from 4.61 ± 0.03 to 4.9 ± 0.1 eV for 0.0 to 7.4 at.% N, respectively (Table 3.3), 

suggesting that this difference is due to the more ordered structure of the mats, which has 

been shown to decrease the work function relative to unaligned MWCNTs.
68

 UPS was 

also performed on acid treated N-CNT mats, and demonstrates that the work function 

trend remains unchanged from the untreated mats, with values ranging from 4.18 ± 0.06 

to 4.56 ± 0.08 eV for 0.0 to 7.4 at.% N (Table 3.3). Scanning tunneling microscopy 

experiments on nitrogen doped CNTs by Carroll et al. have shown an increase in the 

Fermi level by as much as 1.21 eV,
9
 which they attribute to the incorporation of pyridinic 

nitrogen into the lattice.
10

 Our observed shift is more modest (0.05 – 0.4 eV), but is in 

line with the trend that N-doping changes the electronic structure. Much research has 

been focused on the conjugated structure of nanocarbons and suggest that MWCNTs 

exhibit a higher work function due to the presence of mixed σ-π valence states.
66

 The 

main valence band peak observed in our data corresponds to the σ-state, so we attribute 

our increase in D(EF) to this conjugation, which has been reported to lead to an increase 

in work function for MWCNTs.
35, 64, 71

 Ago and co-workers have described the effects of 

oxidation on the work function and density of states of MWCNTs in relation to these 

valence states and report the trend of increasing work function with oxidation versus 

pristine carbons.
64

 Our observed trend is in agreement with this work, indicating that the 

increase of Φ with D(EF) is a result of N-doping disrupting the π-conjugation on the outer 

layers of the lattice, while increasing the σ-conjugation.  
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Figure 3.7.  UPS of N-CNT mat electrodes and Au standard. Left panels: onset of 

secondary tail used to calculate the work function for (A) acid treated and 

(C) untreated N-CNT mats. Right panels: close up view of the Fermi edge, 

EF for (B) acid treated and (D) untreated N-CNT mats. All spectra 

normalized to the Fermi edge of Au.  
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Table 3.3.  Work functions determined by UPS for N-CNTs  

Nitrogen Content 

(at.% N) 

Untreated Mats 

(eV) 

Acid Treated Mats 

(eV) 

Powders 

(eV) 

0.0 4.18 ± 0.09 4.18 ± 0.06 4.61 ± 0.03 

4.0 4.32 ± 0.07 4.30 ± 0.05 4.7 ± 0.1 

5.0 4.42 ± 0.05 4.5 ± 0.1 4.80 ± 0.01 

6.3 4.46 ± 0.03 4.53 ± 0.08 4.82 ± 0.06 

7.4 4.52 ± 0.03 4.56 ± 0.08 4.9 ± 0.1 
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3.4. CONCLUSIONS 

Both Undoped and N-doped CNT mats were investigated in order to better 

understand the effects of nitrogen doping on structural, electronic and electrochemical 

properties of carbon nanotubes. By comparing the data between untreated and acid 

washed mats we clearly demonstrate that the N-doping and subsequent disruption of the 

carbon lattice structure must be responsible for the observed changes in the electronic 

properties rather than merely the presence of trace metal catalysts. The density of states at 

the Fermi level were calculated for a range of N-doped mats and these values were 

correlated to the bulk conductivity, density of mobile charge carriers, hopping mobility, 

and work function. The conductivity for the N-doped mats has been found to be largely 

junction dominated and we determined that the synthesis influences the morphology, 

which is quantified with a roughness factor. Both compositional and morphological 

factors clearly influence the electronic properties of the N-CNTs and neither can be 

excluded as a sole determining factor for the reported trends. The results presented herein 

demonstrate that the N-doped mats offer promise as electrode materials for a host of 

applications including field emitters, energy conversion and energy storage. 

Relationships and correlations have been established for systematic doping of nitrogen in 

N-CNTs where the D(EF) increases along with the density of mobile charge carriers 

which reduces the hopping mobility and increases the work function, all of which are 

predicted for n-type semiconductor behavior.  
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CHAPTER 4 

Electrocatalysis of the Oxygen Reduction Reaction at Nitrogen Doped 

Carbon Nanotubes 

4.1. INTRODUCTION 

The mechanism of the O2 reduction reaction at nitrogen doped carbons (N-

carbons) has been a widely discussed topic in the scientific literature. Currently, there is 

no consensus as to the specific O2 reduction pathway, specifically regarding how the 

presence of metal oxides such as iron, cobalt, and magnesium may be affecting the 

mechanism. Understanding the specifics of this mechanism will allow researchers to 

tailor more efficient and stable support materials for a wide range of applications 

including the improvement of fuel cells
1-3

 and oxygen cathodes.
4
 Previous research in our 

group has shown that adding nitrogen into carbon nanotubes (CNTs) increases the edge 

plane structure, and edge planes are known to be reactive sites showing an increased 

electrochemical reactivity.
5
 Additionally, several groups other have shown that 

incorporating nitrogen into carbon materials promotes O2 reduction by also influencing 

the electrocatalytic behavior, either by facilitating the growth of a more favorable 

structure or engaging in a parallel mechanism.
6-9

 In agreement with these conclusions, 

previous work in our group has shown that the Fe growth catalyst used does not alter the 

electrochemical response of the nitrogen doped CNTs (N-CNTs) at neutral pH,
10, 11

 and 

provides evidence in support of O2 reduction proceeding through the peroxide pathway, 

the simplified version of which is shown in equations 1-3.
12, 13

 

O2+ H2O + 2e
-
 ↔ HO2

-
 + OH

-
 E° = -0.065 V vs NHE  (1) 

HO2
-
 + H2O + 2e

- ↔ 3 OH
-
  E° = 0.867 V vs NHE   (2) 

HO2
-
 ↔ ½ O2 + OH

-
         (3)   
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Recently it has been proposed that O2 reduction at N-carbons occurs at an N4-Fe 

site via a direct 4-electron transfer (eq. 4) rather than following the above mechanism (eq. 

1-3).
14-18

  

O2 + 4 H
+
 + 4e

-
 → 2 H2O  E° = 0.401 V vs NHE   (4) 

In direct contradiction with this claim, many experimental and theoretical groups 

investigating O2 reduction at transition metal containing N-carbons have shown results in 

agreement with our own, supporting the peroxide pathway.
6, 19-22

 Work in our group has 

shown a direct correlation between nitrogen concentration and the density of states at the 

Fermi level (D(EF)).
11

 Specifically, Wang et al. show that the addition of Fe in the carbon 

catalyst is beneficial for the incorporation of nitrogen, and that this N-doping introduces 

electronic states around the Fermi level, enhancing electron transfer for O2 reduction.
23

 

Additionally, we have indicated that a direct 4-electron mechanism at an N4-Fe active site 

is unlikely by showing that the electronic properties of the N-CNTs (i.e. D(EF), 

conductivity, mobile charge carriers) depend most strongly on the concentration of 

nitrogen and are largely unaffected by removal of the residual Fe,
11

 and that the Fe can be 

electrochemically passivated without compromising the observed electrocatalytic 

enhancement.
10

 Recently, experiments have shown that the addition of a competitive 

inhibitor to an N4-Fe site (CN
-
) to the electrolyte solution does not poison O2 reduction, 

effectively eliminating the possibility of a heme-like N4-Fe active site in the N-CNTs, as 

some have proposed (Chapter 5).
24

 These findings are further supported by theoretical 

work showing that nitrogen atoms doped at specific sites enhance O2 reduction activity.
22

 

Specifically, theory indicates that the O2 molecules are preferentially adsorbed on carbon 

sites adjacent to pyridinic nitrogen sites, supporting a mechanism involving surface 

adsorbed radical and peroxy intermediates following the formation of surface adsorbed 

HO2
-
.
20, 21
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It has been shown that the initial reduction step (eq. 1) is actually occurring via 

the three step surface mediated mechanism shown in equations 5-7, in which O2 is first 

reduced to the surface bound superoxide radical ((O2
-∙
)ads, eq. 5), which is subsequently 

converted to the adsorbed hydroperoxide radical ((HO2
∙
)ads, eq. 6), which is then reduced 

to hydroperoxide (HO2
-
, eq. 7).

12, 25, 26
 

O2 + e
-
 ↔ (O2

∙-
)ads        (5) 

(O2
∙-
)ads + H2O ↔ (HO2

∙
)ads + OH

- 
     (6) 

(HO2
∙
)ads + e

-
 ↔ HO2

-
        (7) 

The specific mechanism for the further disassociation and reduction of HO2
-
 (eq. 

2-3) is not as well understood and there is much discussion throughout the literature as to 

how this proceeds. Previous work in our group has shown that undoped CNTs and N-

CNTs reduce HO2
-
 via different mechanisms, where the undoped CNTs undergo two 

successive two electron trasfers and the N-CNTs undergo an electrochemical-chemical 

(EC) reduction mechanism.
12

 In the former case (CNTs), following the electrochemical 

reduction of O2 (eq. 1), the HO2
-
 intermediate is reduced to OH

-
 via a second two-

electron transfer (eq. 2), as supported by recent theoretical studies.
27

 The N-CNTs, 

however, undergo a very rapid heterogeneous chemical decomposition step following the 

two electron electrochemical reduction of O2 (eq. 1) in which HO2
-
 is chemically 

decomposed to O2 and OH
-
 (eq. 3). It has been suggested that this rapid disassociation is 

what allows for the electrocatalytic enhancement observed at N-CNTs as they are able to 

bypass the kinetically unfavorable second electrochemical reduction step, effectively 

lowering the overpotential of the overall reaction. Furthermore, many researchers have 

proposed that this fast decomposition is facilitated by a surface stabilized metal oxide 
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particle (Fe, Co, Mn) similar to the Haber-Weiss mechanism for the catalytic 

decomposition of hydrogen peroxide.
28

  

4.2. EXPERIMENTAL 

4.2.1. Synthesis of Carbon Nanotubes 

Both undoped and N-doped carbon nanotubes (CNT/N-CNTs) were synthesized 

via our previously reported
12, 29

 floating catalyst chemical vapor deposition (CVD) 

method using a ferrocene growth catalyst (Alfa Aesar) and m-xylene, anhydrous (Sigma-

Aldrich) or pyridine (Fisher) as the carbon source, respectively. Briefly, 1.0 mL of a 20 

mg mL
-1

 precursor solution was injected at a rate of 0.1 mL min
-1

 into a dual zone tube 

furnace, with a quartz tube spanning both zones. The precursor solution was heated to the 

vaporization temperature in the first zone (150/130 °C for m-xylene and pyridine, 

respectively) and carried into the second zone by carrier gases (Ar-H2 or Ar-NH3 for 

undoped and N-CNT’s, respectively), at a total flow rate of 575 sccm, where the NH3 

flow rate was systematically increased to change the doping level in the N-CNTs, as 

previously reported.
5
 The mixture was pyrolyzed upon reaching the second zone at the 

respective appropriate temperature (700 °C for undoped and 800 °C for N-doped), 

resulting in the growth of multiwalled CNTs (MWCNTs) along the inner wall of the 

quartz tube. The CNT/N-CNTs were collected after cooling the tube to room temperature 

in an argon environment, and stored in an airtight vial prior to the mat assembly 

procedure. In all experiments presented herein, five CNT/N-CNT doping levels were 

investigated, corresponding to 0.0, 4.0, 5.0, 6.3 and 7.4 at. % N content as determined by 

XPS. 
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4.2.2. CNT Mat Assembly 

CNT/N-CNT mat electrodes were made via a vacuum filtration method, modified 

from previously reported procedures.
30-32

 Briefly, a suspension of 0.40 mg mL
-1 

CNT/N-

CNTs in ethanol was sonicated for 16 hours to create a uniform suspension. 1 mL of the 

suspension was then vacuum filtered through an Anodisc porous alumina membrane 

(Whatman, 0.2 µm pore size, 13 mm diameter) and allowed to dry over vacuum to 

evaporate any excess ethanol. The alumina membranes were then removed with 6 M 

NaOH and the resulting mat was thoroughly rinsed with Nanopure water (18 MΩ cm) 

until the pH of the rinsate was neutral. The mat was then transferred onto an 18 x 18 mm 

glass cover slip and dried for 30 minutes in an oven at 60 °C. The resulting mats were 

stored in sealed containers prior to analysis. 

4.2.3. Electrochemical Methods 

4.2.3.1. Cyclic Voltammetry for O2 Reduction 

Electrochemical analyses were performed using either an Autolab PGSTAT30 

potentiostat interfaced with GPES software (v. 4.9) or a CH 700 potentiostat (CH 

Instruments) running CHI software (v. 3.01). Unless otherwise indicated, an Hg/Hg2SO4 

(sat’d K2SO4) reference electrode (CH Instruments, E° = +0.640 V vs. NHE) was used 

for all experiments presented herein, and all potentials are reported versus this reference. 

Due to their hydrophobic nature, the CNT/N-CNT working electrodes were wetted in an 

O2 saturated environment by cycling 10 times from 0.0 to -1.0 V vs. Hg/Hg2SO4, wetting 

was ensured by the emergence of reproducible electrochemical activity and confirmed 

visually. For all experiments, unless otherwise indicated, five N-doping levels were 

investigated: 0.0, 4.0, 5.0, 6.3, and 7.4 at.% N (content determined via XPS), and all 



 73 

experiments were performed a minimum of 3 times, with the reported standard deviations 

resulting from these replicates. 

O2 reduction experiments were conducted in O2 saturated 1 M KNO3 and 1 M 

Na2HPO4, pH 6.40 ± 0.03 in a custom built 3-electrode cell employing a CNT/N-CNT 

mat as the working electrode and a Pt mesh counter electrode. Following electrochemical 

wetting, cyclic voltammetry (CV) was used to determine the O2 reduction potentials for 

each CNT/N-CNT mat by cycling from 0.0 V until the O2 reduction peak was observed 

(ranging from -0.4 V to -1.0 V). The electrode was first cycled 30X in saturated O2 to 

ensure reproducibility of the peak potential, then a single scan was taken at 20 mV/s.  

4.2.3.2. O2 Solubility 

Oxygen solubility in the two different electrolytes was determined following the 

method of Sanchez-Sanchez, et al.
33

 Briefly, a 10 µm Pt ultra-micro electrode (UME), Pt 

mesh counter electrode and Dri-Ref Ag/AgCl refererence electrode (World Precision 

Instruments, E° = -0.222 vs. NHE) were submerged in a 3-electrode electrochemical cell, 

and ORR was measured via CV at a scan rate of 1 mV/s. The diffusion coefficients of 

both electrolytes were calculated using the Stokes-Einstein equation, 


2
6 Or

kT
D  , where 

rO2 = 2.8 Å
33

, and η = 1.6992 cP (Na2HPO4) and 0.970 cP (KNO3).
34

 The solubility of O2 

in each electrolyte was then calculated from the experimentally determined steady state 

reduction current using 
rnFD

i
C

O
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O

2

2 4
 , where r = 5 µm and n = 4.

35
 

4.2.3.3. Peroxide Decomposition 

Peroxide decomposition rates were determined electrochemically using a 0.5 cm 

diameter glassy carbon (GC) disk electrode (PINE Instruments AFE2M050GC) and 

rotator (PINE Instruments AFMSRX SN 1250) apparatus in order to construct 
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polarization curves, following the methods of Fu, et al.
36

 Before each experiment, the GC 

electrode was polished to a mirror finish with 0.3 and 0.05 µm alumina slurries 

successively on microcloth (Buehler) and sonicated in ultra pure H2O (18 MΩ) for 15 

min. A 0.4 mg/mL suspension of CNT/N-CNTs was sonicated for 16 hours to ensure 

homogeneity and consistency with previous methods, and 50 µL of this suspension was 

dropcast via pipette directly onto the GC electrode, which was then dried under an Ar 

stream and immediately immersed into the electrolyte solution. This suspension of 

CNT/N-CNTs adheres strongly to the GC surface without the use of another binder such 

as Nafion, which is especially advantageous for kinetic experiments.  

In addition to the CNT/N-CNT working electrode and a gold wire counter 

electrode were used in all rotating disk electrode (RDE) experiments. A 125 mL, 5 neck 

glass electrochemical cell containing 100 mL of 1 M electrolyte (KOH, KNO3, H2SO4, 

Fisher) was employed for these experiments, and the two necks not used for the 

electrodes were used as a gas inlet and a sealed injection port for the H2O2 injection. 

Following electrochemical wetting, the electrolyte solution was purged with Ar for 20 

minutes to ensure that the reaction would proceed in an O2 free environment. The 

electrode was rotated at 1000 RPM, and 4 µL 10 M H2O2 (Fisher, standardized with 

KMnO4) was injected via micro-syringe into the electrochemical cell to achieve a final 

concentration of 400 µM H2O2, which was determined to be an optimal concentration.
38

 

Following injection, the solution was allowed to mix for 60 seconds, then a slow linear 

sweep from open circuit potential (OCP) spanning ± 0.4 V was taken at a scan rate of ν = 

0.17 mV/s. The reduction sweep (OCP – 0.4 V) was taken first, then the electrolyte 

solution was replaced and purged, a fresh injection was performed, and the oxidation 

sweep (OCP + 0.4 V) was measured. 
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4.2.3.4. Hydroxyl Radical Detection 

Electrochemical detection of hydroxyl radicals was performed following the 

procedure of Hu et al.
38

 Due to the large capacitive background of the N-CNT electrodes, 

these experiments were only performed on the 0.0 and 4.0 at.% N-CNT electrode mats. 

These experiments employed our custom built flat bottomed 3-electrode cell and a Pt 

mesh counter electrode. Detection of the hydroxyl radical is dependent on the conversion 

of 4-Hydroxybenzoic Acid (4-HBA) to the 3,4-Dihydroxybenzoic Acid (3,4-DHBA) in 

the presence of ·OH. Control CVs were taken in the background electrolyte, 20 mM PBS 

buffer pH 6.28 (diluted from 10x, Fisher), 2 mM 4-HBA (Sigma) and 2 mM 3,4-DHBA 

(Sigma) by sweeping from -0.4 V to +0.1 V at 50 mV/s. The production of the hydroxyl 

radical was monitored by taking a CV every 5 minutes for a 30 minute time period 

following the addition of 2 mM H2O2 to the electrolyte (2 mM 4-HBA in 20 mM PBS). 

The formation of ·OH is determined by the presence of the reversible 3,4-DHBA peaks in 

the voltammogram. 

4.2.4. Thermo-Gravimetric Analysis 

Thermo-gravimetric analysis (TGA) was performed using a Mettler Toledo 

TGA/DSC 1 with STAREe software. For all samples, 1-5 mg of CNT/N-CNTs were 

weighed out and placed in an alumina sample holder. The samples were heated from 25 

°C to 900 °C at a ramp rate of 50 °C/min in a mixture of air (60 mL/min) and N2 (40 

mL/min). Analysis of the data to calculate the remaining Fe2O3 product was performed 

using STARe software.  

4.2.5. Gasometric Analysis 

Gasometric analysis was performed using a home-build apparatus consisting of an 

inverted burette submerged in a 500 mL beaker and connected to a sealed 100 mL round 
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bottom flask via a syringe and tubing. A designated amount of N-CNTs and 50 mL of O2 

saturated 1 M electrolyte (KOH, KNO3, H2SO4, Fisher) was placed in the round bottom 

flask and stirred continuously to create a homogenous suspension and ensure that the 

reaction is mass transport limited. These measurements were performed both by 

normalizing the N-CNT content to 200 µM Fe (3-9 mg N-CNTs), calculated from the 

TGA results, and by normalizing to the total mass (4 mg) of N-CNTs (supporting 

information). The flask was sealed with a rubber stopper and held in a constant 23 °C 

water bath throughout the analysis. The connection to the burette was made with a 20 G 

needle attached to PTFE tubing, with syringe inserted into the flask stopper and the other 

end inserted into the open end of the inverted burette. The burette and beaker were filled 

with the same electrolyte used in the reaction flask. 0.5 mL 5 M H2O2 (0.05 M total 

H2O2) was injected into the flask via syringe and the volume displacement in the burette 

was monitored for 30 minutes, with measurements taken in 30 second intervals.  

The rate of H2O2 decomposition was calculated by measuring the volume of O2 

evolved as a function of time, and the concentration of HO2
-
 was determined as 
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4.3. RESULTS AND DISCUSSION 

4.3.1. Electrochemical Response 

N-CNTs display an enhanced electrocatalytic response towards O2 reduction, 

which is demonstrated in Figure 4.1. It is apparent from this figure that the O2 reduction 

potential is shifted positive with N-doping, indicating that the N-CNTs are more 

efficiently catalyzing O2 reduction by reducing the overpotential for the reaction as 

compared to the undoped CNTs.  
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Figure 4.1.  Oxygen reduction reaction cyclic voltammograms for N-CNT mat 

electrodes in (A) 1 M KNO3 and (B) 1 M Na2HPO4, pH 6.40 ± 0.03. Scan 

rate = 20 mV/s. 
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Table 4.1 lists the average reduction potentials for undoped and N-CNT mats in 

both electrolytes investigated at pH 6.40 ± 0.03 (1 M KNO3 and 1 M Na2HPO4). 

Interestingly, although this potential shift trend is observed in both electrolytes, we 

observe a larger positive shift of the reduction potential in the 1 M Na2HPO4 (Figure 

4.1B), as compared to 1 M KNO3 (Figure 4.1A), however this is also coupled with an 

overall decrease in the reduction current. The latter of effect is explained by a measured 

decrease in the O2 solubility in the electrolyte, 1.98 and 1.16 mM in 1 M KNO3 and 1 M 

Na2HPO4, respectively (Figure 4.2).  

To further understand this catalytic effect, the reduction potentials are analyzed in 

relation to the three main functionalities in our N-CNTs, pyridinic-type (386.6 eV), 

pyrrolic/pyridonic (400.9 eV), and quaternary (401 eV), as determined from XPS 

analysis.
5, 11

 Figure 4.3 shows the correlation between these three contributing types of 

nitrogen and the O2 reduction potentials in both 1 M KNO3 (Figure 4.3A) and 1 M 

Na2HPO4 (Figure 4.3B). From this figure it is apparent that the reduction potentials in 

both electrolytes correlate to simultaneous increase in pyridinic-type and decrease in 

pyrrolic/pyridonic type-functionalities. This data, combined with our previous results that 

show that the density of states at the Fermi level increase with pyridinic nitrogen,
11

 as 

well as results from other groups which have indicated that the pyridinic coordination is 

the primary functionality involved in the electrocatalytic enhancement, we conclude that 

the observed potential shift is likely due to the increase in pyridinic nitrogen.
8, 19, 39, 40

 

4.3.2. Thermo-Gravimetric Analysis 

Thermogravimetric analysis (TGA) was used to determine the amount of residual 

Fe in the N-CNTs, known to be hematite (Fe2O3) above 750 °C (Figure 4.4).
12
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Table 4.1.  Oxygen Reduction Potentials for N-CNT mats in neutral electrolyte, pH 

6.40 ± 0.03. 

Nitrogen Content (at.% N) Ep (V) in 1 M KNO3 Ep (V) in 1 M Na2HPO4 

0.0 -0.81± 0.01 -0.88 ± 0.02 

4.0 -0.49 ± 0.02 -0.268 ± 0.007 

5.0 -0.469 ± 0.004 -0.23 ± 0.02 

6.3 -0.44 ± 0.02 -0.224 ± 0.009 

7.4 -0.445 ± 0.007 -0.218 ± 0.007 
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Figure 4.2.  Cyclic voltammograms with a10 µm UME measuring oxygen solubility in 1 

M KNO3 (black) and 1 M Na2HPO4 (red). Scan rate = 1 mV/s. 
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Figure 4.3.  N 1s peak ratio for the three primary nitrogen functionalities versus ORR 

potential in (A) 1 M KNO3 and (B) 1 M Na2HPO4, pH 6.40 ± 0.03.         
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Figure 4.4. Thermogravimetric analysis of N-CNTs used to calculate the residual Fe2O3 

content in the N-CNTs. 
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Analysis of the TGA results show that the residual Fe content ranges from 6.17% to 

16.13% for the 0.0 to 7.4 at.% N-CNTs (Table 4.2).  

4.3.3. Heterogeneous Decomposition of HO2
-
 

4.3.3.1. Gasometric Analysis 

As HO2
-
 is the key intermediate in the O2 reduction peroxide pathway, it is 

necessary to understand the kinetics of the heterogeneous decomposition of HO2
-
 at the 

N-CNTs. As there is considerable discussion as to the participation of the trace metals 

used in the growth process, it is important to investigate the HO2
-
 decomposition kinetics 

with relation to the residual Fe content in the N-CNTs. Gasometric analysis was 

performed to calculate the rate of chemical peroxide decomposition at the N-CNTs. In 

order to negate the effect of the residual Fe in the N-CNTs, the mass of N-CNTs used in 

each analysis was normalized to 200 µM Fe (using the TGA data from Table 4.2), 

ensuring that any measured differences in the forward rate constant would be due to the 

N-CNTs themselves rather than the presence of excess residual Fe catalyst. Gasometric 

analysis could not be performed on the undoped CNTs as the rates were to slow to 

measure via this method. Figure 4.5 shows plots of ln[HO2
-
] versus time for twenty 

minutes of analysis in neutral (1 M KNO3, Figure 4.5A), acidic (1 M H2SO4, Figure 

4.5B) and basic (1 M KOH, Figure 4.5C) environments. These experiments measure the 

forward rate constants for the chemical step shown in equation 3 of the peroxide pathway 

mechanism. This is achieved by monitoring the production of O2 over time in a closed 

system, where the O2 is produced as a product of the direct decomposition of HO2
-
 (eq. 

3).  
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Table 4.2.  Residual Iron Content from TGA results. 

Nitrogen Content (at.% N) Fe Content (%) 

0.0 6.17 

4.0 8.77 

5.0 14.01 

6.3 14.50 

7.4 16.13 
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Figure 4.5.  Gasometric Analysis of N-CNTs in (A) 1 M KNO3, (B) 1 M H2SO4, and (C) 

1 M KOH. [H2O2] = 0.05 M 
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This is done according equation 8 from Falcon and Carbonio, where the volume of 

evolved O2 is proportional to the concentration of HO2
-
 in the solution.

4
  

    














sol

OO

V

Vp

RT

2
OHHO 22

o222
      (8) 

As indicated by equation 9, the homogenous rate constant is equal to the slope of the 

plots in Figure 4.5, which is easily converted to the heterogeneous rate constant through 

equation 10, where (A/m)cat is the BET surface area of the N-CNTs. 

   dtcdk
HO

2

lnhom        (9) 

     
catcatsolhet mAmkVk hom       (10) 

The calculated rate constants for N-CNTs in all three media are shown in Table 4.3.  

From Figure 4.5 it is apparent that HO2
- 
is decomposed much faster when there is 

more nitrogen incorporated into the N-CNTs, regardless of the residual Fe content. This 

trend holds for all three electrolytes investigated, where a trend of increasing rate is 

observed with increasing nitrogen concentration. Between the three electrolytes it is 

apparent that while the rates in 1 M KNO3 (Figure 4.5A) and 1 M KOH (Figure 4.5C) are 

on the same order of magnitude, the rates in 1 M H2SO4 (Figure 4.5B) are decreased by 

as much as 2 orders of magnitude relative to the others. Additionally, some anomalous 

behavior is observed for the 5.0 at.% N-CNT in the acidic electrolyte (4.5B, inset), which 

may be attributed to the complexities of the surface mediated mechanism, perhaps 

indicating the binding of the iron oxide was stronger for these N-CNTs. This rapid 

disassociation of HO2
-
 explains the potential differences observed in the O2 reduction 

CV’s between the undoped and N-CNTs (Figure 4.1). The N-CNTs are undergoing a 

very fast chemical decomposition and essentially outrunning the slower electrochemical 

reduction step, resulting in a more favorable (positive) reduction potential. 
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Table 4.3.  Heterogeneous hydrogen peroxide decomposition rates calculated from 

gasometric analysis. 

Nitrogen Content 

(at.% N) 

khet x 10
-5

 (cm/s)    

1 M KNO3 

khet x 10
-7

 (cm/s)   

1 M H2SO4 

khet x 10
-5

 (cm/s)  

 1 M KOH 

4.0 1.1 ± 0.2 1.2 ± 0.5 1.3 ± 0.7 

5.0 1.20 ± 0.03 11 ± 0.6 1.3 ± 0.8 

6.3 1.9 ± 0.4 6.4 ± 0.6 1.8 ± 0.4 

7.4 2.6 ± 0.7 6.6 ± 0.9 2.0 ± 0.3 
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4.3.3.2. Electrochemical Analysis 

To further investigate the kinetics of the HO2
-
 decomposition step, including the 

rates for the undoped CNTs, the decomposition rates are measured electrochemically by 

constructing polarization curves, following the analysis methods of Fu, et al.
36

 The 

heterogeneous rate is calculated from equation 11, where jd is the y-intercept between the 

oxidation and reduction sides of the polarization curves (Tafel plots) and [
m

H2O2] is the 

starting concentration of peroxide (400 µM).
36

 

   22
22 OHk

nF
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dt

OHd m
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d

surface

      (11) 

The polarization curves were taken while rotating the electrode at 1000 RPM in order to 

ensure that the system was mass transfer controlled (similar to stirring in the gasometric 

analysis). Figure 4.6 shows the Tafel plots constructed for CNT/N-CNTs in 1 M KNO3 

(Figure 4.6A), H2SO4 (Figure 4.6B), and KOH (Figure 4.6C), and the corresponding 

calculated rate constants are shown in Table 4.4. Interestingly, the electrochemically 

calculated rates in all three electrolytes are faster than those calculated chemically, which 

can be attributed to the fact that when this rate is calculated electrochemically the 

electrode is poised at a potential rather than measuring the pure chemical step at open 

circuit potential. Comparing the rates across the three different electrolytes also yields 

interesting analysis. Whereas in the gasometric experiments the rates in neutral (1 M 

KNO3) and basic (1 M KOH) media were comparable, when applying a potential we 

observe an order of magnitude enhancement in the decomposition rate in 1 M KOH, 

consistent with previous rate calculations.
12

 Also, while we still observe that the rates in 1 

M H2SO4 are slower than in the neutral and basic electrolytes, this difference is 

considerably less defined than the two order of magnitude difference observed 

gasometrically. 
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 Figure 4.6.  Tafel plots from polarization curves of N-CNTs in (A) 1 M KNO3, (B) 1 M H2SO4, and (C) 1 M KOH.        

Scan rate = 0.17 mV/s, 1000 RPM, [H2O2] = 400 µM.
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Table 4.4.  Heterogeneous hydrogen peroxide decomposition rates calculated from 

electrochemically constructed polarization curves. 

Nitrogen Content 

(at.% N) 

khet x 10
-5

 (cm/s)   

1 M KNO3 

khet x 10
-5

 (cm/s)   

1 M H2SO4 

khet x 10
-4

 (cm/s)   

1 M KOH 

0.0 0.61 ± 0.09 0.64 ± 0.09 0.041 ± 0.003 

4.0 3.2 ± 0.8 1.5 ± 0.4 2.5 ± 0.1 

5.0 5.1 ± 0.8 1.9 ± 0.9 6.7 ± 0.9 

6.3 7.4 ± 0.9 6.2 ±0.6 9.4 ± 0.3 

7.4 11 ± 2 6.1 ± 0.7 9 ± 1 

  



 91 

The calculation of the rate constants using electrochemical methods (eq. 12) relies 

on knowing the number of electrons transferred in the reaction. While many groups 

assume n = 2 for this step (as indicated in eq. 2), it is important to determine this value 

electrochemically from the Tafel slopes since the number of electrons transferred in this 

equation yields important information about the rate determining step of the 

mechanism.
36

 We use the experimentally determined slopes from Figure 4.6 to calculate 

the empirical Tafel constants, α and b, where for a Nernstian system in which n = 1 we 

expect b = -0.118 V/dec.
35

 By calculating these kinetic parameters for all of our data we 

are able to determine an average value of α for each N-doping level in each electrolyte, 

which is then used to calculate b. From these calculations we determined that n = 2 for 

the undoped CNTs and n = 1 for all N-CNTs. This supports the conclusion that the 

undoped CNTs are undergoing a different process, i.e. two successive two electron direct 

electrochemical reductions, whereas the N-CNTs are involved in a more complex 

chemical decomposition step as part of an EC mechanism.  

As discussed, the decomposition mechanism of the N-CNTs may be a more 

complex surface mediated mechanism involving a surface bound iron oxide particle, 

similar to those mechanisms proposed for metal oxide films or surface bound metal oxide 

particles.
36, 41-43

 This hypothesis is further supported by the reduced decomposition rate 

observed in 1 M H2SO4, where the surface bound iron oxide particle could be dissolved 

into solution by the strongly acidic electrolyte, effectively slowing the overall 

decomposition process by inhibiting the rate limiting step of the mechanism.  

Regardless of method (gasometric or electrochemical), the measured 

heterogeneous decomposition rates are fast enough (10
-4

 - 10
-5

) to support our previous 

conclusion that the heterogenous decomposition is occurring faster than the 

electrochemical reduction can occur, essentially ―outrunning‖ the electrochemical step. 
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This effectively speeds up the overall O2 reaction, facilitaing the observed 

electrocatalysis. This results in what is referred to as a pseudo four-electron transfer, in 

which, when calculating the number of electrons transferred using traditional methods, it 

would appear as if four-electrons are transferred directly at the electrode. This method is 

flawed; however, as it does not yield any information as to how or where the electrons 

are produced. We predict that the rate limiting step of this surface-mediated O2 reduction 

mechanism is a one electron reduction of the HO2
-
 intermediate on a surface bound metal 

oxide particle. 

In practice, this reduction occurs in two equivalents ultimately resulting in a total 

of four electrons transferred for O2 reduction although not all four are arising from the 

direct electrochemical reduction to OH
-
 (eq. 4). Again, if the traditional method for 

determining the number of electrons, such as a rotating ring disk electrode experiment, 

was performed it would appear as if the number of electrons transferred is four rather 

than two, an argument which is commonly used for the presence of an N4-Fe active site.
15

 

In fact, four electrons are being transferred in this reaction, however two of them are 

coming from the initial reduction of oxygen, and the second two arise from the 

interaction with the surface bound iron oxide particle, as previously described. 

4.3.4. Mechanism for O2 Reduction 

We propose that the heterogenous decomposition of HO2
- 

(eq. 3) at N-CNTs 

proceeds via a surface mediated mechanism in which HO2
-
 is stabilized on a surface 

bound iron oxide particle, (Fe
III

-OH)s to form [Fe
III

-O(H2O2)
-
ads]s (eq. 12), and then 

converted to [Fe
II
(O2

∙-
)ads]s (eq. 13). Evidence for this step is supported by our calculation 

of the decomposition rates and the determination that n = 1 at the N-CNTs, which is 

evidence that the rate limiting step is in fact the surface mediated adsorption of HO2
-
 onto 
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[Fe
III

-OH]s, which is then converted to [Fe
II
]s and O2

∙-
, a one electron transfer. [Fe

II
(O2

∙-

)ads]s can then react to form [Fe
III

-OH]s, 
∙
OH, and [Fe

III
(O2

∙-
)ads]s (eq. 14-16). The hydroxyl 

radical (
∙
OH) can react with H2O2 to form (HO2

∙
)s (eq. 17), which can undergo 

deprotonation to (O2
∙-
)s, however in basic solutions the hydroperoxide radical is favored 

(eq. 18). Finally, HO2
∙
 and O2

∙-
 can combine at [Fe

III
-OH]s to form OH

- 
and O2, 

completing the disassociation process (eq. 19). A simplified version of this mechanism is 

graphically represented in Figure 4.7.  

2[=Fe
III

-OH] + 2 HO2
-
 ↔ 2[=Fe

III
-O(H2O2)

-
ads]    (12) 

2[=Fe
III

-O(H2O2)
-
ads] → 2[=Fe

II
(O2

∙-
)ads] + 2 H2O    (13) 

[Fe
II
] + H2O2 → [=Fe

III
-OH] + ∙OH      (14) 

[Fe
II
] + O2 + OH

- 
→ [=Fe

III
-OH(O2

∙-
)ads]     (15) 

[Fe
II
] + 

∙
OH → [=Fe

III
-OH]       (16) 

∙
OH + H2O2 → H2O + (HO2

∙
)ads      (17) 

(HO2
∙
)ads ↔ (O2

∙ -
)ads + H

+
 (pKA = 4.8)     (18) 

2[=Fe
III

-OH(HO2
∙
)ads/(O2

∙-
)ads] → 2[=Fe

II
] + 2 H2O/OH

-
 + 2 O2  (19) 

4.3.5. Detection of 
•
OH Radical 

In order to further confirm the proposed surface mediated mechanism, we sought 

to detect the production of the intermediates produced via the interaction with the [Fe
II/III

-

OH]s, specifically the production of 
∙
OH as seen in equation 14. This is accomplished by 

exploiting the electrochemical conversion of 4-Hydroxybenzoic Acid (4-HBA) to 3,4-

Dihydroxybenzoic Acid (3,4-DHBA), which only occurs in the presence of 
∙
OH, and can 

easily be detecting using CV. It follows that if H2O2 is added to a solution of 4-HBA at 

an N-CNT working electrode the 3,4-DHBA signature would only be seen if 
∙
OH is being 

produced during the chemical decomposition of the H2O2.  
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Figure 4.7. Graphical representation of O2 reduction at CNT/N-CNT electrodes. 
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Due to the high capacitance of our electrodes, this experiment could only be 

performed on the 4.0 at.% N-CNT mats as in the higher doping level N-CNTs the 3,4-

DHBA signature is too weak to be observed over the background signal. As evident from 

Figure 4.8, the addition of the H2O2 to the undoped mat (Figure 4.8A) yields no 

observable redox activity in the 3,4-DHBA region, however the 4.0 at.% N-CNT mats 

show evidence of the 3,4-DHBA redox couple after the addition of the H2O2 to the 

electrolyte. This indicates that 
∙
OH is being produced as in equation 14, supporting the 

proposed mechanism by showing that as HO2
-
 is decomposed at the surface of the N-

CNTs radical intermediates such as 
∙
OH are produced, strongly indicating that the 

decomposition mechanism involves surface stabilized [Fe
III

-OH] particles. Combining 

this result with our understanding of the kinetics of the decomposition process we are 

confident that the mechanism for ORR at N-carbons follows the peroxide pathway in the 

manner shown above (eq. 12-19) rather than a direct four-electron transfer at an N4-Fe 

active site.  

4.4. CONCLUSIONS 

From our measured decomposition rates and electrochemical detection of key 

intermediates, we conclude that O2 reduction proceeds via a complex surface mediate 

mechanism in which the surface iron-oxide particles play an integral role, however they 

are not the active sites for the reaction. The kinetics for the heterogenous decomposition 

of HO2
-
 at the N-CNTs is shown to be sufficiently fast in neutral media (10

-4
 – 10

-5
 cm/s) 

to allow the chemical step to overtake the slower electrochemical reduction of HO2
-
. The 

confirmation of the presence of 
∙
OH lends additional support to a surface mediated 

mechanism at an iron oxide particle involving peroxy intermediates. Overall, the data 

presented herein supports our previous conclusions that O2 reduction follows the  
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Figure 4.8.  Cyclic Voltammograms for (A) 0.0 at.% N and (B) 4.0 at.% N-CNT mats in 

20 mM PBS buffer pH 6.40 ± 0.03 showing detection of hydroxyl radical. 

Scan rate = 50 mV/s. 
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peroxide pathway and that the active site is not an N4-Fe site, and that our observed 

inherent catalytic activity instead arises from a much more complicated mechanism in 

which both the N-doping and residual iron oxide particles play key roles. 
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CHAPTER 5 

Indirect Electrocatalytic Degradation of Cyanide at Nitrogen Doped 

Carbon Nanotube Electrodes* 

5.1. INTRODUCTION 

Cyanide is a known environmental and biological contaminant and is highly toxic 

when in the dissociated free cyanide form (CN
-
) or the protonated cyanic acid (HCN) 

form, which is the dominant species at pH values less than 9.24.
1
  In biological systems 

CN
-
 can act as a powerful competitive inhibitor for oxygen upon uptake, making it a 

potentially lethal substance.  Specifically, CN
-
 binds preferentially to the molecular 

Fe
2+/3+

 site in the iron porphyrin (e.g. hemoglobin or cytochrome oxidase), thereby 

preventing oxygen from binding and inhibiting cellular respiration.
2
  Environmentally, 

CN
-
 is of concern as it is used in many industrial applications, including the 

manufacturing of acrylonitrile, the extraction of gold from ore in gold mining, the 

manufacturing of many synthetic plastics, insecticides, dyes and pharmaceuticals,
3
 and as 

a metal complexing agent in electroplating.
4
  Cyanide effluents usually require harsh 

treatments such as alkaline chlorination, which involve toxic intermediates, such as 

cyanogen chloride, to reach complete remediation to carbon dioxide and nitrogen gas.
1
  

Another common strategy for the remediation of CN
-
 is to react it with an oxidizing agent 

such as sulfur to produce thiocyanate (SCN
-
), which is considered non-toxic, but can also 

have environmental implications resulting from its participation in corrosion reactions 

with steel components and equipment.
5
 In the past decade, much effort has been focused 

into finding more effective methods for CN
-
 remediation, including ozonation,

6
 

photocatalytic oxidation,
7
 impregnated carbons,

8
 and in-situ electrolysis.

9, 10
 The latter is 

                                                 
* Portions of this chapter are taken from a manuscript submitted to Environ. Sci. Technol. 
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the most promising technique; however, current methods either rely on chlorines or 

sulfates,
9
 or employ unstable metal catalysts such as Cu to overcome the slow oxidation 

process via peroxide.
11

 One particular strategy that has recently been investigated is the 

electrochemical oxidation of CN
-
 to the relatively non-toxic cyanate (OCN

-
) at a carbon 

electrode. Electrochemical oxidation as a means to destroy CN
-
 can occur both directly 

(eq. 1) and indirectly (eq. 2), however traditional direct methods present many 

challenges, specifically in that they exhibit low-current efficiencies.
12

  

CN
-
 + 2 OH

-
 → OCN

-
 + 2e

-
 + H2O      (1) 

CN
-
 + HO2

-
 → OCN

-
 + OH

-
       (2) 

The electrochemical generation of hydroperoxide (HO2
-
) has been shown to be 

effective for many different effluent treatments, especially since it can be readily 

generated at a carbon electrode in neutral to basic pH solutions via the two electron 

reduction of O2 to HO2
-
 (eq. 3).

13
  

O2 + H2O + 2e
-
 → HO2

-
 + OH

-      
(3) 

In particular, Pletcher has done considerable work showing that the 

electrogeneration of hydrogen peroxide at a carbon cathode is effective for the removal of 

formaldehyde
14

 and other low level organics
15

 by exploiting the intermediates formed 

during O2 reduction.  

Nitrogen-doped carbon nanotubes (N-CNTs) offer promise in this area as they are 

known to be catalytically active towards O2 reduction and do not require the addition of a 

costly catalyst material.
16, 17 

Previous work in our group has extensively characterized the 

structural
18, 19

 and electronic
20

 properties of N-CNTs and investigated their use for 

catalytic
13, 21

 and sensing
22

 applications by exploiting the unique and tunable 

physicochemical properties created by substitutional nitrogen doping.  As discussed in 

Chapter 4, our group has demonstrated that O2 reduction at CNT/N-CNTs in neutral to 
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basic pH proceeds through two successive reduction processes, in what is known as the 

peroxide pathway mechanism.
13

 Briefly, the first step for both CNTs and N-CNTs 

involves the two electron electrochemical reduction of O2 to produce HO2
-
 (eq. 3). This 

reaction may be followed by either a second two-electron electrochemical reduction step 

with HO2
-
 to produce OH

-
 (eq. 4), 

HO2
-
 + H2O + 2e

-
 → 3 OH

-
        (4) 

or, by a rapid chemical step associated with the decomposition of HO2
-
 to regenerate 

O2and form OH
-
 (eq. 5). 

2 HO2
-
 ↔ O2 + 2 OH

-  
      (5) 

At CNTs, the initial electrochemical reduction to OH
-
 is followed by a successive two 

electron electrochemical reduction (eq. 3 and eq. 4); whereas at N-CNTs it is followed by 

the chemical decomposition step, in what is commonly referred to as an electrochemical-

chemical (EC) mechanism.
23-25

 The formation of the HO2
-
 intermediate is the key to the 

use of N-CNTs for the electrocatalytic degradation of CN
-
, as electrogenerated HO2

-
 

reacts with CN
-
 to produce OCN

- 
(eq. 2), which is the dominant species across a wide 

range of pH values.
26

   

In this chapter, we present a method for the indirect electrocatalytic degradation 

of CN
-
 by exploiting the reactive oxygen intermediates formed at N-CNTs during O2 

reduction. N-CNTs are advantageous new materials for this purpose, as due to their 

inherent catalytic behavior towards O2 reduction, HO2
-
 is produced at a lower 

overpotential than other materials, making this reaction more kinetically facile. In the 

outlined scheme, the HO2
-
 formed during the reduction of O2 is subsequently used to 

oxidize CN
-
 to OCN

-
 in a simple EC mechanism without the use of an additional catalyst 

or the formation of harmful byproducts.
27
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5.2. EXPERIMENTAL 

5.2.1. Synthesis of Carbon Nanotubes (CNTs) 

Both CNT and N-CNT (CNT/N-CNT) were synthesized via our previously 

reported
13, 28

 floating catalyst chemical vapor deposition (CVD) method using a ferrocene 

growth catalyst (Alfa Aesar) and m-xylene (Sigma-Aldrich, anhydrous) or pyridine 

(Fisher) as the carbon source, respectively. Briefly, 1.0 mL of a 20 mg mL
-1

 precursor 

solution was injected at a rate of 0.1 mL min
-1

 into a dual zone tube furnace, with a quartz 

tube spanning both zones.  The precursor solution was heated to the vaporization 

temperature in the first zone (150/130 °C for m-xylene and pyridine, respectively) and 

carried into the second zone by carrier gases (Ar-H2 or Ar-NH3 for CNTs and N-CNTs, 

respectively), at a total flow rate of 575 sccm, where the NH3 flow rate was 

systematically increased to change the doping level in the N-CNTs, as previously 

reported.
18

  The mixture was pyrolyzed upon reaching the second zone at the respective 

appropriate temperature (700 °C for CNTs and 800 °C for N-CNTs), resulting in the 

growth of multi-walled CNT/N-CNTs along the inner wall of the quartz tube.  The 

CNT/N-CNTs were collected after cooling the tube to room temperature in an argon 

environment, and stored in an airtight vial prior to the mat assembly procedure.   

5.2.2. CNT Mat Assembly 

Free standing CNT/N-CNT mat electrodes were made via a vacuum filtration 

method, as previously reported.
20

 Briefly, a suspension of 0.40 mg mL
-1

 CNT/N-CNTs in 

ethanol was sonicated for 16 hours to create a uniform suspension.  1 mL of the 

suspension was then vacuum filtered through an Anodisc porous alumina membrane 

(Whatman, 0.2 µm pore size, 13 mm diameter) and allowed to dry over vacuum to 

evaporate any excess ethanol.  The alumina membranes were then removed with 6 M 
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NaOH and the resulting mat was thoroughly rinsed with Nanopure water (18 MΩ cm) 

until the pH of the rinsate was neutral.  The mat was then transferred onto an 18 x 18 mm 

glass cover slip and dried for 30 minutes in an oven at 60 °C.  The resulting mats were 

stored in sealed containers prior to analysis.  All experiments presented herein are for 0.0 

and 6.3 at.% N-CNT mats, designated simply as CNT and N-CNT, respectively (N-

content determined by XPS as shown in Chapter 2). 

5.2.3. Electrochemical Techniques 

5.2.3.1. Cyclic Voltammetry 

Electrochemical measurements were carried out on either a CH 700 bipotentiostat 

(CH instruments) or an Autolab PGSTAT30 potentiostat interfaced with GPES software, 

version 4.9.  Cyclic voltammograms (CVs) were carried out at a scan rate of 20 mV/s in a 

homemade Teflon three electrode cell (maximum volume 3.5 mL) with a CNT/N-CNT 

mat working electrode, a platinum mesh counter electrode and a Hg/Hg2SO4 (saturated 

K2SO4) reference electrode (CH instruments).  All reported potentials are referenced 

versus this electrode (+0.640 V vs NHE).  Before electrochemical measurements were 

taken, the electrodes were wetted by cycling 10 times from 0 to -1.0 V in the electrolyte.  

All CVs were taken in O2 saturated solutions in 1 M electrolyte (KNO3 or Na2HPO4) 

adjusted to pH 6.40 ± 0.03 with 1 M acid (HNO3 or H3PO4, respectively).  Potassium 

nitrate (KNO3), sodium phosphate dibasic (Na2HPO4) and potassium cyanide (KCN) 

were used as received from Fisher Scientific.  A stock solution of CN
-
 was prepared in 

each supporting electrolyte and the pH was adjusted to 6.40 ± 0.03.  This stock solution 

was titrated into the electrochemical cell containing 1 M electrolyte (KNO3 or Na2HPO4) 

in order to reach the desired concentrations of CN
-
 (1-3 mM). The experiment was 

repeated on three different mat electrodes, and three CVs were taken at each 
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concentration. All solutions were prepared with Nanopure water (18 MΩ cm), and the pH 

of the electrolyte solution was measured immediately before and after each experiment.   

For each technique, measurements were taken on a minimum of three different mats for 

each doping level, with reported errors arising from the standard deviations in these 

measurements. 

5.2.3.2. Bulk Electrolysis 

Quantification of OCN
-
 concentration versus time was achieved by holding the 

potential slightly positive of O2 reduction (E = -0.3 V and -0.71 V for N-CNTs and 

CNTs, respectively), where the O2 reduction potential (Ep) is taken as the apex of the 

reduction peak, for 60 minutes in a custom designed bulk electrolysis cell with two 

chambers separated by a ceramic frit.  During electrolysis, 1 mL aliquots of the total 32 

mL volume were removed in 10 minute intervals via syringe (ca. 1 cm from the electrode 

surface) and stored in sealed vials prior to conversion.  A sacrificial N-CNT counter 

electrode was employed in place of the Pt mesh for all electrolysis measurements.  All 

solutions were prepared with Nanopure water (18 MΩ cm).  For each technique, 

measurements were taken on a minimum of three different mats for each doping level, 

with reported errors arising from the standard deviations in these measurements. 

5.2.4. Spectroscopic Techniques 

UV-Visible (UV-Vis) spectroscopy measurements were taken using an 8453 

Agilent photodiode array spectrometer.  OCN
-
 was detected using a reaction with 2-

aminobenzoic acid (2-ABA, Sigma Aldrich) in the presence of glacial acetic acid (Fisher) 

and hydrochloric acid (Fisher) to form 2,4-(1H, 3H)-quinazolinedione, which exhibits a 

strong absorbance at 310 nm.
29

  Following the procedure of Zvinowanda, et al.,
30

 0.5 mL 

of potassium cyanate (KOCN, Sigma Aldrich) in 1 M Na2HPO4 (pH 6.40 ± 0.03) was 
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combined with 0.5 mL of 10 mM 2-ABA in 6 M glacial acetic acid and heated at 40 °C 

for 20 minutes in a Cress Furnace.  Following the incubation period, 1 mL of 12 M HCl 

(Fisher) was added to each vial, which was then held in a boiling water bath for 1 minute.  

After the solution had cooled to room temperature, the absorbance was measured at 310 

nm in a quartz cuvette (1 cm).  A blank solution containing no OCN
-
 was also subjected 

to the same treatment procedure and the absorbance of the product was negligible.  All 

solutions were prepared immediately before the conversion procedure to ensure 

maximum efficiency.  The concentration of OCN
-
 formed at the CNT/N-CNT samples 

was determined using calibration curves converted simultaneously with the samples in 

order to account for the slight variability in the conversion efficiency.  These 

measurements were only taken in Na2HPO4 electrolyte as the high concentration of NO3
-
 

saturated the detector in the UV region.
31, 32

   

5.2.5 Electrochemical Simulation 

DigiElch 4.F (ElchSoft) was used to simulate the effect of introducing CN
-
 into 

O2 reduction as described in equations 1-3.  This was accomplished by modifying the 

previously published DigiSim simulations by Maldonado and Stevenson,
13

 which 

simulate O2 reduction using a simplified scheme based off of a heterogeneous surface 

reaction.  The following reaction scheme was entered into DigiElch. 

O2 + 2e
-
 + H2O ↔ HO2

-
       (a) 

HO2
- 
+ e

-
  iHO2

2-
        (b) 

P + e ↔ iHO2
2-      

  (c) 

P + Q ↔ O2         (d) 

HO2
-
 + 2e

-
 ↔ OH

-
        (e) 

OCN
-
 + 2e

-
 ↔ CN

-
        (f)  

𝑘ℎ𝑒𝑡
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CN
-
 + HO2

-
 ↔ OCN

-
 + OH

-
       (g) 

One change (step d) was made to Maldonado’s original simulation, due to 

differences in the two different software programs employed for the simulations.  Step (d) 

is intended to simulate any two species that can recombine to form O2 (P + P = O2), but 

for the current simulation this step had to be rewritten for two separate species combining 

to form O2 (P + Q = O2).  The net sum of equations (b) – (d) is the chemical 

decomposition of peroxide. For further discussion of this initial mechanism, please see 

reference 13. The simulation parameters for all steps were ν = 0.02 V s
-1

, CO2 = 1 mM, D 

= 1 x 10
-5 

cm s
-1

, pH = 6.40 (COH
-
 = 2.5 x 10

-8
 M), and Cd = 0.009 F (calculated from 

capacitance of experimental CV data).  The conditions for steps (a)-(e) were carried over 

from Maldonado’s earlier simulation, and the parameters for steps (f) and (g) were 

calculated by fitting actual experimental data (Figure 5.1) to the mechanism in DigiElch.  

The following parameters were used for reactions (a): α = 0.5, E
o
 = -0.3 V, for reactions 

(c), (e), and (f): α = 0.5, E
o
 = -2 V, 0.75 V and 0.48 V, respectively and ks = 1000 cm s

-1
, 

1 x 10
-30

 cm s
-1

 and 5000 cm s
-1

, respectively.  For reaction (b), E
o
 = 0,  α = 1 x 10

-200
 

(~0) and ks = 1 cm s
-1

.  For the chemical reactions, (d) and (g), the parameters are as 

follows, (d): keq = 1 x 10
12

, kf = 1 x 10
12

, (g): keq = 1.25 x 10
9
, kf = 2.31 x 10

6
.  The same 

parameters were fitted to both the data for phosphate and nitrate systems on N-CNT mats, 

resulting in standard deviations for the fit of 0.1146 and 0.18388, respectively.  The 

potential shift between the two different electrolytes for O2 reduction is indicated by ks 

for step (a), which was determined as 0.012 cm s
-1

 for 1 M Na2HPO4 and 3.69 x 10
-6

 cm 

s
-1

 for 1 M KNO3.   
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5.3. RESULTS AND DISCUSSION 

5.3.1. Electrochemical Response to CN
-
 Titration 

Cyclic voltammograms (CVs) of O2 reduction at CNT and N-CNT mats in 1 M 

Na2HPO4 (Figure 5.1A) and 1 M KNO3 (Figure 5.1B) at pH 6.40 ± 0.03 are shown in 

Figure 5.1. From these CVs it is apparent that the O2 reduction potential for the N-CNT 

mats in both electrolytes is shifted significantly positive versus the undoped mats (ΔEORR 

= 0.65 V and 0.32 V vs. Hg/Hg2SO4 in Na2HPO4 and KNO3, respectively), indicating 

high catalytic activity of N-CNTs towards O2 reduction.  The different voltammetric 

responses between the CNTs and N-CNTs, in both the absence and presence of CN
-
, as 

seen in Figure 5.1, are accounted for by the distinctly different pathways for O2 reduction 

occurring at the different electrodes (successive two step two electron electrochemical 

reduction or EC mechanism, respectively). As with the O2 reduction CVs shown in 

Chapter 4, the overall current measured in the Na2HPO4 (Figure 5.1a) is lower than that 

observed in KNO3 (Figure 5.1b), which is again due to the decreased solubility of O2 the 

former electrolyte (1.15 mM) as compared to the latter (1.98 mM) (Chapter 4, Figure 

4.3).    

For both electrolytes, as CN
-
 is titrated into the cell, the observed O2 reduction 

current remains relatively unchanged (Δip~0.5%) at the CNTs, which is in direct contrast 

with the response observed at the N-CNTs (Figure 5.1). As CN
-
 is titrated into the 

solution at the N-CNT mats, two unique responses are observed; the first is an 11-20% 

increase in the O2 reduction current upon the addition of CN
-
 and the second is a subtle 

negative potential shift (-0.067 V in Na2HPO4 and -0.062 V in KNO3). The increase in O2 

reduction current is observed for N-CNT mats regardless varying nitrogen content (4.0 – 

7.4 at.% N, Figure 5.2). While the potential shift could be indicative of minor poisoning 

of the O2 reduction active site by CN
-
, it is more likely due to a pH dependent potential  
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Figure 5.1.   Cyclic voltammograms for CNT and N-CNT mat electrodes in O2 saturated 

(A) 1 M Na2HPO4 and (B) 1 M KNO3 at pH 6.40 ± 0.03 and titrated with 

CN
-
 (1-3 mM).  Scan rate = 20 mV s

-1
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Figure 5.2.  (A-B) Potential-concentration and (C-D) current-concentration curves for 

(A, C) 1 M Na2HPO4 and (B, D) 1 M KNO3 titrated with CN
-
 from CVs 

shown in Figure 1 of the text.  Average current arises from three different 

measurements at each CNT/N-CNT sample.      
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shift as the solution pH becomes ca. 0.8-1.0 pH units more basic following cycling in the 

presence of CN
-
. These observations are supported by literature reports stating that CN

-
 

poisoning of a heme-like porphyrin active site would result in a much larger potential 

shift (150-200 mV) than that reported here.
33

  

In addition, the increase in O2 reduction current is of particular interest, as 

although the CNT/N-CNTs are grown with an iron precursor (ferrocene), we see no 

evidence of a competitive inhibition (decreased current) for O2 reduction in the presence 

of CN
-
 typically associated with strong CN

-
 binding between a molecular Fe

2+/3+
 (heme-

like) active site, as would be observed for an Fe-N4 macrocycle. These observations are 

also supported by a recent report showing that CN
-
 does not poison O2 reduction at 

carbon supported iron(II) phthalocyanine materials at neutral pH.
34

 This lack of strong 

poisoning effects (large negative potential shift and decreased current) suggests that a 

surface-bound iron species coordinated to nitrogen in a heme-like coordination (e.g. a 

mono-heme peroxidase) is not the catalytically active site for O2 reduction in the N-

CNTs. Rather, it appears that initially O2 gets reduced to HO2
-
 at one site (possibly at 

carbon edge sites containing pyridinic-coordinated nitrogen nearby)
35, 36

 and then HO2
-
 

chemically disproportionates back to O2 and OH
-
 at a second active site (possibly 

associated with surface coordinated mixed valent iron oxides).
37, 38

 Rather, the increase in 

O2 reduction current in the presence of CN
-
 suggests the influence of a competitive 

chemical step where CN
-
 is oxidized by electrogenerated HO2

-
 produced by the reduction 

of O2. Additionally, the lack of competitive inhibition for O2 reduction in the presence of 

CN
-
 indicates that the electrode will not foul due to poisoning of the O2 reduction 

reaction.  
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5.3.2. Electrochemical Simulation 

Building upon a previous study of the O2 reduction mechanism at N-CNTs,
13

 

which models O2 reduction involving both electrochemical and chemical steps, 

electrochemical simulations were employed to model the experimental data from Figure 

5.1. The specific model presented here now includes parameters to simulate the influence 

of CN
-
 during O2 reduction where CN

-
 can react in a chemical oxidation step with 

electrogenerated HO2
-
 (EC mechanism). The specific details of the simulation parameters 

are presented in the supporting information. Figure 5.3 shows the proposed EC 

mechanism for the chemical oxidation of CN
-
 by electrochemically generated HO2

-
.  

This electrochemical simulation predicts that the addition of 3 mM CN
-
 to the 

electrolyte at N-CNT mats will produce a 12% increase in reduction current (Figure 2). 

Experimentally, we observe a 0.5% and 20% current increase for the CNTs and N-CNTs, 

respectively. This simulation of the EC mechanism for N-CNTs predicts that the HO2
-
 

intermediate reacts chemically to oxidize CN
-
 to OCN

-
, which leads to an increase in 

current due the fast chemical reaction step between HO2
-
 and CN

-
.   These results are also 

consistent with previous studies by other researchers who indicate that the indirect 

electrochemical generation of HO2
-
 at an electrode can be used to oxidize CN

-
 to OCN

-
.
12, 

15, 27
 The difference between this report and those reported previously is the much more 

positive O2 reduction potential which facilitates the indirect electrocatalytic degradation 

of CN
-
 at a much lower overpotential.  As such, the use of N-CNT electrodes yields 

higher conversion efficiencies at lower overpotentials (>400 mV) than other types of 

carbon materials.
39
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Figure 5.3.  Illustration of the EC mechanism for the oxidation of CN
-
 by HO2

-
 produced 

during O2 reduction at N-CNT mats.  
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Figure 5.4.   Simulated cyclic voltammograms for O2 reduction at N-CNT mats for 

various CN
-
 concentrations based on an EC mechanism for the reaction of 

HO2
-
 with CN

-
 to form OCN

-
.  Solution is simulated at pH 6.40 ± 0.03 and 

scan rate = 20 mV s
-1

, parameters determined by fitting mechanism to actual 

data shown in Figure 5.1a.  
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5.3.3 Physical Detection of Cyanate 

In support of the proposed EC mechanism and to confirm the formation of OCN
-
, 

a UV-Vis spectroscopic assay was performed in conjunction with bulk electrolysis.  In 

the presence of glacial acetic acid and 2-aminobenzoic acid (2-ABA),  OCN
-
 is converted 

to the absorbing product, 2,4-(1H, 3H)-quinazolinedione, which has a strong absorbance 

at 310 nm (Figure 5.5).
29, 30, 40

 All of the UV-Vis experiments discussed herein were 

conducted only in Na2HPO4, as NO3
-
 has a strong background absorbance in the UV-

region that interferes with the absorbance of 2,4-(1H, 3H)-quinazolinedione.
31, 32

 Figure 

5.6A shows the linear (R
2
 = 0.999) calibration curve for standard solutions of OCN

-
 in 1 

M Na2HPO4, concentrations ranging from 0.02-2.0 mM, taken after conversion to 2,4-

(1H, 3H)-quinazolinedione. Standard samples were measured at the same time as the 

sample electrolyte solutions in order to assure consistency. HO2
-
 was generated via bulk 

electrolysis by poising the potential slightly positive of O2 reduction (-0.71 V for CNTs 

and -0.30 V for N-CNTs), as this region has been shown to give the most sensitive 

response to HO2
-
 (Figure 5.7).

41
 Aliquots were collected at 10 minute increments during 

bulk electrolysis in order to determine the relationship between OCN
-
 formation and 

production of HO2
-
. The concentrations of OCN

-
 produced during electrolysis for all 

CNT/N-CNT electrodes were determined from the calibration curves created at the same 

time as the aliquots were analyzed. For all calibration curves created, R
2
 > 0.99 and the 

average linear regression equation for absorbance versus concentration is y = (0.11 ± 

0.03)x + 0.0093 ± 0.0004. The UV-Vis spectra for OCN
-
 standards, CNT, and N-CNT 

electrolysis experiments show an increasing absorbance with concentration and provide 

evidence for the formation of OCN
-
 at N-CNT electrodes (Figure 5.6B). The CNT and N-

CNT samples shown in Figure 5.5B are taken after 30 minutes of electrolysis, and 

correspond to OCN
-
 concentrations of 0.052 ± 0.007 and 0.67 ± 0.04 mM, respectively.    
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Figure 5.5.   Schematic representation of conversion of electrochemically generated 

OCN
-
 to the absorbing product (2,4-(1H, 3H)-quinazolinedion for 

spectroscopic confirmation of OCN
-
 production. 
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Figure 5.6.   (A) Representative calibration curve for standard OCN
-
 concentrations, 

absorbance measured at 310 nm.  From linear fit line, y = 0.161x + 0.009, 

R
2
 = 0.999. (B) UV-Vis spectra for OCN

-
 standards and electrolysis sample 

collected from N-CNT mat electrode after electrolysis for 30 min in 3 mM 

CN
-
 in 1 M Na2HPO4.   
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Figure 5.7.  (a) Cyclic voltammograms and (b) current-time response for CNT and N-

CNTs in O2 saturated 1 M Na2HPO4 pH 6.40 ± 0.03 before (solid line) and 

after (dashed line) bulk electrolysis in 3 mM CN
-
 for 60 minutes.  Dotted 

line represents potential used for bulk electrolysis.  Scan rate = 20 mV s
-
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An enlarged view of the absorbing region taken for all time points for both the 

CNT and N-CNT samples, as well as the baseline measurement for the standard 

containing no OCN
-
, is shown in Figure 5.8A.  From this data it is clear that the N-CNT 

mats exhibit a higher absorbance at 310 nm than the CNT mats, indicating that more 

OCN
-
 is formed. This is attributed to the different O2 reduction pathways at CNT and N-

CNT mats. As previously described, N-CNT mats undergo an EC mechanism in which 

O2 is regenerated (eq. 3 and eq. 5). This rapid chemical decomposition step leads to faster 

reaction rate constants for O2 reduction at the N-CNTs
13

 which, when combined with the 

continuous regeneration of O2, leads to an increased availability of HO2
-
 to oxidize CN

-
. 

Figure 5.8A  also shows an additional peak around 365 nm for the N-CNT mats, which is 

likely due to a side reaction with the 2-ABA indicator used in the process of converting 

the OCN
-
 to the absorbing product, 2,4-(1H, 3H)-quinazolinedione.  A background 

absorbance spectrum of 10 mM 2-ABA alone shows a strong absorbance in the UV 

region which is eliminated upon total conversion to the final absorbing product.  The 

presence of this slight peak in our spectra indicates that there is a possible side reaction of 

2-ABA with one of the O2 reduction reaction intermediates, however this does not 

influence the proposed reaction scheme as this colorimetric procedure is simply used to 

detect and quantify OCN
-
 after electrolysis. A very low absorbance in this same region is 

also observed for the standard OCN
-
 measurements and displays an inverse correlation 

with the absorbance at 310 nm.   

Plotting the OCN
-
 concentrations for the CNT and N-CNT electrodes versus the 

electrolysis time (Figure 5.8B) indicates that the amount of OCN
-
 produced at N-CNT 

electrodes significantly increases with time.  This trend correlates with an increase in 

HO2
-
 production as the electrolysis potential is poised slightly positive of the O2 

reduction potential in order to most efficiently generate HO2
-
 via equation 3.  
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Figure 5.8.   (A) UV-Visible spectra for CNT and N-CNT mat electrodes and (B) OCN
-
 

concentration-time curves for bulk electrolysis in 1 M Na2HPO4. Aliquots 

were taken every 10 minutes for 60 min.  Electrolysis potential was held at -

0.71 V and -0.3 V vs. Hg/Hg2SO4 for CNT and N-CNT mats, respectively.     
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Figure 5.8B also shows the marked difference in both the rate of OCN
-
 production and 

total concentration produced between the CNT and N-CNT electrodes. At the CNT mats 

the total OCN
-
 concentration ranges from 0.02 ± 0.01 to 0.14 ± 0.09 mM, whereas the 

concentrations for the N-CNT mats range from 0.25 ± 0.02 to 0.95 ± 0.07 mM for 60 

minutes of electrolysis in 3 mM CN
-
, a 10X increase in OCN

-
 production.   

Kinetic analysis of the resulting curves indicates that the rate of OCN
-
 production 

at the CNTs is zero-order, whereas the rate of production at the N-CNTs is first-order 

(Figure 5.9). This indicates that the rate of OCN
-
 production at the CNT electrodes is 

independent of the reactants (CN
-
 and HO2

-
), and is therefore likely formed via the direct 

irreversible electrochemical oxidation (eq. 1). As OCN
-
 production at the N-CNTs is 

first-order, it is dependent on the HO2
-
 concentration, and therefore must be a product of 

the indirect chemical oxidation (eq. 2). With these different kinetic modes in mind, the 

rate of rate of OCN
-
 produced at the N-CNT mats (2.3 ± 0.4 x 10

-4
 s

-1
) is an order of 

magnitude faster than at the CNT mats (2.4 ± 0.6 x 10
-5

 s
-1

).  Furthermore, as the N-CNTs 

can regenerate O2 via the chemical decomposition step, a catalytic regenerative 

mechanism is operative where more HO2
-
 will be produced, which will increase the 

catalytic efficiency for oxidation of CN
-
 to OCN

-
, indicating that this method is viable for 

the continuous treatment of CN
-
 in aqueous environments.  
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Figure 5.9. (A) [OCN
-
] vs. time and (B) ln[OCN

-
] vs. time curves for bulk electrolysis 

in 1 M Na2HPO4 to determine kinetic parameters. Aliquots were taken every 

10 minutes for 60 min.  Electrolysis potential was held at -0.71 V and -0.3 V 

vs. Hg/Hg2SO4 for CNT and N-CNT mats, respectively. Higher R
2
 values 

indicate better fit, where (A) represents zero-order kinetics and (B) 

represents 1
st
 order kinetics.     

  

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0 800 1600 2400 3200 4000

-4

-3

-2

-1

0

 N-CNT

 CNT

[O
C

N
- ] 

(m
M

)

(B)

(A)

ln
 [

O
C

N
- ] 

(m
M

)

Time (s)

y = (3.0 +/- 0.3 x 10
-4

)x + 0.11 +/- 0.07

R
2
 = 0.948

y = (2.4 +/- 0.6 x 10
-5

)x - 0.001 +/- 0.009

R
2
 = 0.882

y = (2.3 +/- 0.4 x 10
-4

)x - 0.8 +/- 0.1

R
2
 = 0.958

y = (6 +/- 1 x 10
-4

)x - 4.5 +/- 0.4

R
2
 = 0.828



 123 

5.4. CONCLUSIONS 

In conclusion, the conclusions of Chapter 4 are further supported by our 

experiments and simulations which indicate that CN
-
 does not act as a poison to O2 

reduction, but is in fact oxidized by reactive O2 intermediates to form OCN
-
. N-CNT mat 

electrodes can be exploited for the electrocatalytic degradation of CN
-
 via the indirect 

electrochemical oxidation of CN
-
 to OCN

-
 through the formation of the O2 reduction 

intermediate, HO2
-
. CV studies are supported by electrochemical simulations indicating 

that an increase in O2 reduction current can be caused by the catalytic reaction between 

electrogenerated HO2
-
 and CN

-
 to produce OCN

-
.
 
These studies are further confirmed by 

the indirect colorimetric detection of the oxidation product, OCN
-
, following electrolysis 

for 60 minutes. Quantification of the electrolysis data indicates that the rate of OCN
-
 

formation is an order of magnitude faster at the N-CNT mats than the CNTs and occurs at 

much lower overpotentials in both electrolytes (Δ = 0.65 V and 0.32 V in Na2HPO4 and 

KNO3, respectively).  
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CHAPTER 6 

Future Directions 

6.1. INTRODUCTION 

While the previous four chapters have used non-transparent mat electrodes to 

study the properties of nitrogen doped carbon nanotubes (N-CNTs), there are many 

applications for which transparent electrodes are preferred. In particular, transparent N-

CNT electrodes are appealing materials for optoelectronic devices,
1-3

 sensors,
4-7

 and solar 

energy applications.
8-10

 Most of the current literature focuses on different methods for 

preparing these films using single walled carbon nantoubes (SWCNTs) due to their high 

intrinsic mobility and conductivity.
11-15

 Geng et al. have presented evidence that treating 

such SWCNT films in nitric acid results in improved conductivity without effecting the 

transmittance of the film.
16

 From the research presented in the previous chapters, it is 

apparent that multi-walled CNTs (MWCNT) also exhibit high conductivity and electron 

mobilities, and that these properties are enhanced by N-doping, so it follows that the N-

MWCNTs should also be viable materials for effective transparent electrodes. With this 

in mind, initial experiments for the assembly and characterization of transparent N-doped 

MWCNT electrode materials are presented.  

This chapter will specifically explore transparent N-CNT films prepared using the 

spray method, which is a direct preparation method and employs similar preparation 

parameters to the non-transparent N-CNT mats, which will allow for a better comparison 

of the two methods. As with the non-transparent mats, the morphology of the films will 

be analyzed and discussed. The electronic properties of the films will be thoroughly 

characterized both in terms of transparency and N-doping in order to better understand all 

of the parameters that are contributing to the behavior of the electrode. Electrochemical 



 127 

characterization using cyclic voltammetry in 1 mM Ru(NH3)6 in KNO3, a known standard 

1-electron outer-sphere redox couple, will be performed and analyzed in light of the 

observed electronic trends. Finally, a discussion of future improvements to the materials 

and experimental use is presented. 

6.2. EXPERIMENTAL 

6.2.1. Synthesis of Carbon Nanotubes 

Both undoped and N-doped carbon nanotubes were synthesized via our previously 

reported
17, 18

 floating catalyst chemical vapor deposition (CVD) method using a ferrocene 

growth catalyst (Alfa Aesar) and m-xylene, anhydrous (Sigma-Aldrich) or pyridine 

(Fisher) as the carbon source, respectively. Briefly, 1.0 mL of a 20 mg mL
-1

 precursor 

solution was injected at a rate of 0.1 mL min
-1

 into a dual zone tube furnace, with a quartz 

tube spanning both zones. The precursor solution was heated to the vaporization 

temperature in the first zone (150/130 °C for m-xylene and pyridine, respectively) and 

carried into the second zone by carrier gases (Ar-H2 or Ar-NH3 for undoped and N-

CNT’s, respectively), at a total flow rate of 575 sccm, where the NH3 flow rate was 

systematically increased to change the doping level in the N-CNTs, as previously 

reported.
19

 The mixture was pyrolyzed upon reaching the second zone at the respective 

appropriate temperature (700 °C for undoped and 800 °C for N-doped), resulting in the 

growth of multiwalled CNTs (MWCNTs) along the inner wall of the quartz tube. The N-

CNTs were collected after cooling the tube to room temperature in an argon environment, 

and stored in an airtight vial prior to the mat assembly procedure. In all experiments 

presented herein, five N-CNT doping levels were investigated, corresponding to 0.0, 4.0, 

5.0, 6.3 and 7.4 at. % N content as determined by XPS. 
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6.2.2. Airbrushing CNT Films 

N-CNT films were made by airbrushing a suspension of N-CNTs directly onto a 

cleaned glass slide, similar to previously reported procedures.
9, 12

 Briefly, a suspension of 

0.24 mg mL
-1 

N-CNTs in ethanol was sonicated for 4 to 16 hours to create a uniform 

suspension. The suspension was propelled through a craft airbrush with nitrogen gas and 

sprayed directly onto a clean glass slide over a hot plate heated to 90
 o

C to ensure rapid 

evaporation of the solvent. Different levels of transparency were achieved by spraying for 

times ranging from 1 to 5 minutes. In order to create a more uniform electrode, an 

aluminum mask with a diameter of 1.24 cm was placed over the glass slide. The resulting 

films were stored in sealed containers prior to analysis. Acid treated N-CNTs were 

―super-washed‖ in a 0.6 mg/mL suspension of 3 M HCl at 90 °C for 12 hours to remove 

residual Fe catalyst, as in Chapter 3. The acid treated N-CNTs were collected via vacuum 

filtration and rinsed until pH of the rinsate was neutral and dried for 20 minutes in an 

oven at 60 °C. Films were prepared as previously described.  

6.2.3. Transmittance Measurements 

Transparency of the electrodes was determined by measuring the transmittance at 

550 nm using an Agilent 8453 UV-Visible photodiode array spectrometer. Throughout 

this chapter the electrodes will be referred to by their transmittance values (%T), which is 

a direct parameter of the transparency, where the lower %T values indicate a less 

transparent electrode. 

6.2.4. Electron Microscopy 

Scanning electron microscopy (SEM) was performed on N-CNT films with a 

LEO 1530 microscope operating at 10.00 kV. All films analyzed by SEM were made by 
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spraying the N-CNT suspension directly onto a cleaned indium tin oxide (ITO) support 

rather than a glass slide. 

6.2.5. Resistivity Measurements 

The sheet resistance of the N-CNT films was determined using a Signatone SP4-

62045TRS four point probe head coupled with an HP 3478A multimeter used in the 4-

wire Ohms mode. The sheet resistance was calculated using the equation Rs = C x V/I 

where C is a correction factor, taken as 0.8665 for a thin circular slice where the diameter 

of the sample divided by the probe tip spacing (d/s) is 7.799.
20

  

6.2.6. Electrochemical Measurements 

Cyclic voltammetry (CV) was carried out on an EG&G Instruments 263 A 

potentiostat with a Corrware (Scribner Associates) software package. All electrochemical 

measurements were performed in a custom built Teflon flat bottom 3-electrode cell with 

a controlled surface area where the airbrushed N-CNT film serves as the working 

electrode and a Pt mesh counter electrode is employed along with a Hg/Hg2SO4 reference 

electrode. Cyclic voltammetry was used to measure the peak splitting (ΔEp) and current 

ratios (ipc/ipa) in deaerated 1 mM hexammineruthenium(III) chloride (Ru(NH3)6, Strem 

Chemicals) in 1 M potassium nitrate (KNO3, Fisher). This was accomplished by scanning 

from -0.2 V to -0.9 V vs. Hg/Hg2SO4 at 10 mV/s. The electrolyte was chosen for its 

known Nersnstian behavior and fast outer-sphere 1-electron transfer. Due to their 

hydrophobic nature, each CNT mat electrode was wetted before use by scanning 10 times 

from 0 to -1.0 V in the same solution, or until the electrodes were visibly wet.  
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6.3. RESULTS AND DISCUSSION 

6.3.1. Morphology 

Figure 6.1 shows a digital photograph of the N-CNT airbrushed films with 

varying %T values, showing that %T inversely correlates with the electrode transparency. 

As discussed in Chapter 2, the non-transparent mats prepared via the vacuum filtration 

method show distinct morphological effects between the different doping levels, which 

were attributed to the mats being junction resistance dominated. Figure 6.2 shows SEM 

images of the airbrushed N-CNT films (54 ± 4 %T), prepared from N-CNT suspensions 

sonicated for 16 hours analogous to the with the N-CNT mat assembly procedure. From 

these figures it is apparent that all of the transparent films, regardless of the amount of N-

doping exhibit the expected network morphology that was only observed for the N-CNT 

mats with lower N-content. Despite these more uniform morphologies across the different 

N-doping levels (4.0-7.4 at.% N), the airbrush method presents unique challenges in the 

preparation of the electrodes, specifically in terms of maintaining a uniform spray while 

preserving the length of the N-CNTs. As discussed in Chapter 3, the conductivities of the 

N-CNT mats are junction dominated, and a trend was observed between the 

conductivities of the mat electrodes and the length of the N-CNTs measured immediately 

after sonication (before mat assembly). It is expected that the transparent electrodes will 

also follow this trend, so to maximize the length of the N-CNTs used, different sonication 

times were investigated for the assembly of the transparent electrodes (shorter time yields 

longer N-CNTs). Unique to this preparation method is the need for a highly uniform 

suspension because it must be propelled through the airbrush, which is susceptible to 

clogging by N-CNTs. As there is a direct correlation between the sonication time and the 

homogeneity of the suspension (longer time yields more uniform suspension), it is 

important to determine the optimum balance between the homogeneity and N-CNT  
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Figure 6.1.  Photograph of airbrushed N-CNT mats showing different levels of 

transparency, left to right: 75 %T, 54 %T, 15%T. 
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Figure 6.2.  Representative SEM images of N-CNT airbrushed films showing surface 

morphology effects between doping levels for (A) 4.0 at.% N, (B) 5.0 at.% 

N, (C) 6.3 at.% N, and (D) 7.4 at.% N electrodes. All films are 54 ± 4 %T, 

scale bar = 1 μm. 
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length. Figure 6.3 shows the SEM images for 6.3 at.% N-CNT films prepared from 

suspensions sonicated for four different time periods, ranging from 4 to 16 hours. From 

these images and observations during the electrode preparation, it was determined that 8 

hours of sonication (Figure 6.3C) was the best option, featuring both a uniform 

suspension that didn’t clog the airbrush, and films composed of networks of longer N-

CNTs. 

6.3.2. Sheet Resistance 

The sheet resistance of the airbrushed films was measured for films of varying N-

content (4.0–7.4 at.% N) and transparency (28-85 %T), all prepared from a suspension 

after 8 hours of sonication, where transparency was controlled by the spray time. By 

analyzing the sheet resistance versus percent transmittance, trends between the different 

N-doping levels can be extrapolated (Figure 6.4). Immediately evident is the trend of 

increasing resistance with transparency, for all four N-doping levels. Additionally, when 

analyzing the overall trends with regards to the doping levels, we observe that the sheet 

resistance is decreased as N-doping is increased. This is indicated by the dashed lines in 

Figure 6.4 which are provided to guide the eye only and do not represent any statistical 

trends. This shows that the sheet resistance decreases when more nitrogen is present in 

the films, regardless of transparency, therefore it can also be concluded that the 

conductivity of the N-CNTs increases with N-doping as predicted and discussed in 

Chapter 3. Table 6.1 shows comparative values for sheet resistance of the N-CNT films at 

54 ± 4 %T, again, clearly indicating that as the N-doping is increase sheet resistance is 

decreased. 
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Figure 6.3.  Representative SEM images of 6.3 at.% N-CNT airbrushed films showing 

surface morphology effects between sonication times for (A) 4 hours, (B) 6 

hours, (C) 8 hours, and (D) 16 hours. Scale bar = 200 nm.       
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Theoretical models have been presented to explain the relationship between sheet 

resistance and transmittance, assuming the film thickness is much less than the measured 

wavelength (550 nm), which is shown in equation 1, where σop
 
and σdc designate the 

optical and dc conductivity, respectively.
21

 

     
      

  

   

   
 
  

        (1) 

Figure 6.5 shows the measured sheet resistance values as compared to the theoretical 

trend, calculated assuming σop/ σdc
 
= 1. From this plot it is apparent that while the N-CNT 

films do follow the trend of increasing sheet resistance with transmittance, they do not 

follow predicted percolation threshold models for thin films. Using the calculated average 

dc conductivity values (Table 6.1), σop was calculated to be 601 ± 203 Ω
-1

 cm
-1

, which is 

triple the literature value of 200 S/cm for single walled CNTs (SWCNT).
22

 As discussed 

in Chapter 3, the N-CNTs are grown in the presence of iron, resulting in trace metal 

impurities present in the films. However, these impurities do not appear to effect the 

relationship of the measured sheet resistance values to the theoretical trends, as indicated 

by the open symbols for 6.3 at.% N-CNT films in Figure 6.5. Instead, the calculated 

higher optical conductivity and failure to follow the theoretical model may both be due to 

the thicker nature of the N-CNT films (92 to 435 nm) as compared to those presented in 

the literature (10-40 nm).
21, 23

 It should also be noted that the theoretical model predicts 

the behavior for undoped SWCNTs, and those discussed herein are N-doped MWCNTs, 

which may exhibit different properties. As seen in Figure 6.5, the N-CNT films appear to 

follow the theoretical model up until ~50 %T, where we observe a deviation in that the 

measured sheet resistances are still lower than those predicted by the theoretical model. 

This phenomenon could be due to the N-doping enhancing the electrical conductivity of 

the films, leading to the lower observed sheet resistances. 
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Figure 6.4.  Resistivity trends for N-CNT films comparing overall trends between N-

doping levels. Dashed lines are to guide the eye only.         
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Table 6.1.  Sheet resistance at 54 ± 4% transmittance, and average resistivity and 

average conductivity values for all ranges for airbrushed N-CNT films.  

Average Nitrogen 

Content (at.% N) 

Sheet Resistance at 

54 ± 4% T 

(Ω/square) 

Average Resistivity 

(Ω cm) 

Average 

Conductivity    (Ω
-1 

cm
-1

) 

4.0 434.12 1.12 ± 0.3 x 10
-2 

94 ± 21 

5.0 441.91 1.11 ± 0.4 x 10
-2

 104 ± 57 

6.3 391.66 9.4 ± 2 x 10
-3

 112 ± 30 

7.4 368.26 8.9 ± 3 x 10
-3

 133 ± 57 

6.3* 390.79 1.2 ± 0.1 x 10
-2

 81 ± 7 

*Acid Treated 

  



 138 

 

Figure 6.5. Measured transmittance versus sheet resistance for N-CNT films compared 

to theoretical model. 
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6.3.3. Electrochemical Response 

Electrochemical characterizations were only performed on 6.3 at.% N-CNT films 

in order to better understand the relationship between electrochemical response and the 

level of transparency. These films have a higher conductivity than the 4.0 and 5.0 at.% N-

CNT films (Table 6.1), thereby making them better candidates for initial study as they 

should experience fewer problems with connectivity and junction resistance. Figure 6.6 

shows the CVs for both a non-transparent mat and a transparent airbrushed film (16 %T) 

in 1 mM Ru(NH3)6. From this figure several differences are observed; first, it is apparent 

that the capacitance of the mat is greater than that of the film, and second, the peak 

splitting (ΔEp) is greater for the transparent films than the non-transparent mat. The 

capacitive difference is not entirely unexpected as the mats are thicker and contain more 

N-CNTs, and can therefore store more charge within the electrode than the thinner 

airbrushed films. For a more direct comparison, the CV of the background subtracted mat 

is also shown in Figure 6.6 (dashed line), and it is clearly shown that ΔEp is greater for 

the airbrushed film than the mat. As discussed in Chapter 2, the N-CNT mats exhibit near 

Nernstian behavior in 1 mM Ru(NH3)6 (ΔEp = 60 ± 5 mV for 6.3 at.% N-CNT mats), so 

it is immediately evident that the airbrushed films are not behaving as ideal electrodes.  

CVs of 6.3 at.% N-CNT film of varying transparency are shown in Figure 6.7, 

and from this plot it is apparent that even between films of similar transmittance values 

(±5%) that the CVs are not highly reproducible. Additionally, both the ΔEp values and 

ipc/ipc ratios are still greater than the ideal values of 59 mV and 1, respectively, by as 

much as 475% for ΔEp and 90% for ipc/ipc (Table 6.2). As with the sheet resistance trends, 

these non-ideal values are not improved by the acid washing, confirming the conclusion 

from Chapter 3 that the trace metal impurities are not greatly influencing the electrode 

properties (acid treated films indicated with an asterisk in Figure 6.7 and Table 6.2). 
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Analysis of these trends suggests that ΔEp may correlate to the transmittance, where the 

more transparent films exhibit greater peak splitting, however this trend is not conclusive 

due to the high ΔEp value for the 18 %T film. This proposed trend would correlate the 

resistivity values as previously observed, where the sheet resistance increases with %T, 

and this higher resistance could be contributing to the less than ideal behavior observed 

electrochemically. Comparing these transparent films with the non-transparent mats also 

supports this trend as the mats exhibit 0 %T (fully non-transparent), lower sheet 

resistances (4 - 15 Ω/square), and nearly ideal Nernstian electrochemical response in the 

same electrolyte.  

6.3.3. Suggested Improvements 

Transparent N-MWCNT electrode materials show promise for use as transparent 

electrodes, however some improvements must be made in order to resolve some of the 

non-ideal behavior. These can potentially be resolved by improving the connection 

method between the electrode and the potentiostat. In the method presented herein, the 

connection between the working electrode and the potentiostat was made by connecting 

copper tape directly to the N-CNT film with an indium shot sandwiched between the tape 

and N-CNTs to reduce potential contact resistance. This contact could be improved by 

using another conductive material such as silver paint directly on the N-CNTs, 

eliminating the double connection method. Additionally, as these films are relatively thin 

(100-540 nm), the o-ring connection in the flat bottom electrochemical cell can also 

damage the electrode surface. Using a different custom cell, such as a disposable PDMS 

cell, currently being developed in our group, could potentially eliminate tears and other 

surface damage to the electrode.  
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Figure 6.6.  Cyclic voltammograms comparing electrochemical response of 6.3 at.% N-

CNT mats versus 16 %T airbrushed N-CNT film in 1 mM Ru(NH3)6
3+/2+

 in 

1 M KNO3. Scan rate = 10 mV/s. 
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Figure 6.7.  Comparison of 6.3 at.% N-CNT airbrush films at different levels of 

transparency in 1 mM Ru(NH3)6
2+/3+

 in 1 M KNO3. Scan rate = 10 mV/s. 

*Acid treated 
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Table 6.2.  Comparison of ΔEp values for 6.3 at.% N-CNT airbrush films at different 

levels of transparency in 1 mM Ru(NH3)6
2+/3+

 in 1 M KNO3. Scan rate = 10 

mV/s. 

Transmittance at 550nm (%) ΔEp (mV) ipc/ipa 

16 159 ± 3 1.45 ± 0.07 

18 276 ± 9 1.6 ± 0.1 

22 210 ± 10 1.83 ± 0.08 

34* 225 ± 1 1.45 ± 0.05 

54 280 ± 10 1.9 ± 0.1 

*Acid Treated 
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Even though the airbrush method does yield electrodes with non-ideal behavior, 

this method shows more promise than some other methods of assembling transparent N-

CNT electrodes. One such method is the ―direct-pull‖ method in which a forest of N-

CNTs is pulled off of the growth substrate with an adhesive and immobilized onto the 

glass substrate.
24-26

 While this method was investigated, it was determined that our N-

CNTs are ―ineligible‖ for this type of assembly as the longest aligned forests that we 

were able to grow were 120 μm tall, and we were unable to pull the forest off of the 

growth substrate into an aligned film. 

6.4. CONCLUSIONS 

A method for preparing transparent N-CNT electrodes on a non-conductive 

substrate was presented. This method can be further investigated and optimized for the 

further use of N-CNTs as electrode materials for electrochemical experiments. It was 

shown that these transparent films do not exhibit the same morphological trends as the 

non-transparent mat electrodes discussed in the previous chapters. Additionally, this 

method of electrode preparation is considered a direct assembly method as it eliminates 

some of the intermediate treatment steps required for the mat electrodes, such as the use 

of NaOH to remove the membrane filter. It was observed that at the same level of 

transparency, the sheet resistance of the films decreases with N-doping level, reinforcing 

earlier conclusions that the addition of nitrogen in to the CNTs increases the electrical 

conductivity. Additionally, the average conductivity of the films for all ranges of 

transparency increases with N-doping, again supporting our conclusions from Chapter 3.  

While the electrochemical response for these transparent films is non-ideal, this 

can be understood in terms of the level of transparency, where the peak splitting can be 

reduced by making less transparent films. This trend should be considered when 
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preparing electrodes for different applications, and an optimum procedure will have to be 

determined for individual experiments. Suggestions for the improvement in the future use 

of these electrode materials were provided in order to help minimize the contact 

resistance of the electrodes. 
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