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Abstract 

This dissertation discusses the nitrogen modification of GUITAR (Pseudo-Graphite from the 

University of Idaho Thermalized Asphalt Reaction). Different methods for selectively doping 

a variety of nitrogen moieties and their characterization are presented in various chapters. 

Chapter one introduces the material ‘GUITAR’ and presents the motivation for these works. 

Chapter two discusses the method for selectively doping pyridinic- and pyrrolic-nitrogen 

groups (with 0.0 % graphitic nitrogen) onto the GUITAR surface. It is herein referred to as N’-

GUITAR. Physical and electrochemical characterization revealed that this material makes the 

robust electrode for oxygen reduction reaction (ORR) via four-electron pathways, which is 

desirable for fuel cell applications. The material exhibited high performance and excellent 

stability than any other carbon materials reported in the literature. Chapter three presents the 

method for synthesis of N-GUITAR, which comprises predominantly graphitic nitrogen 

(72.6%). Like N’-GUITAR, this material retains basic characteristic features of GUITAR but 

demonstrated robustness toward electrode fouling by air aging and polymerization of matrix 

components during dopamine detection. Application of later form of selectively nitrogen-

doped GUITAR (N-GUITAR) for ORR is discussed in chapter four. This material efficiently 

reduces oxygen to hydrogen peroxide via two-electron pathways. It exhibited higher current 

efficiency (up to 96%) for H2O2 generation with a significant production rate. This 

experimental result, along with the results from chapter two, suggests that graphitic nitrogen 

moieties are responsible for two-electron ORR to hydrogen peroxide. In contrast, pyridinic- 

and pyrrolic- nitrogen moieties are responsible for four-electron ORR to water. The ability to 

selectively dope different nitrogen moieties is unique to this GUITAR material. This 

investigation, along with the resistance behavior of the N-GUITAR electrode, is summarized 
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in chapter five. Chapter five further reveals the possibilities of this material as an excellent 

electrocatalyst and robust electrochemical sensor for numerous applications. 
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Chapter 1: Introduction 

1.1 Introduction of Carbon Materials 

Carbon is one of the most abundant elements on earth, and its versatility lies in the diversity 

of its chemical bonds. Diamond and graphite are two widely known carbon materials that are 

composed of 100 % sp3 and sp2 carbon bonds, respectively. The mixture of sp2 and sp3 

hybridized carbon atoms forms amorphous carbon. 1  The dangling bond in amorphous carbon 

sometimes contains hydrogen atoms and becomes hydrogenated amorphous carbon. Based on 

the relative percent of sp2-sp3 content, along with the portion of the hydrogen atoms, the carbon 

materials can be categorized in according to Figure 1.1, known as a sp2-sp3-H ternary phase 

diagram.2 

 

    

Figure 1.1 sp2-sp3-H ternary phase diagram for carbon materials. The red circle shows 

GUITAR, which contains 85% sp2, 15% sp3, and 12% H by mole. Abbreviation: a-C: H is 

Hydrogenated Amorphous Carbon, ta-C is Tetrahedral Amorphous Carbon, ta-C:H is 

Tetrahedral Hydrogenated Amorphous Carbon, GLCH is Graphite like Hydrogenated 

Amorphous Carbon, DLCH is Diamond-like Hydrogenated Amorphous Carbon, and PLCH is 

Polymer like Hydrogenated Amorphous Carbon. 
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The electrode materials most often used in literature are graphitic type carbons (graphene, 

pyrolytic graphite, carbon nanotubes, and glassy carbon). Pure diamond (100% sp3) cannot be 

used as an electrode material due to its high band gap and electrical resistivity. However, the 

introduction of boron enhances conductivity and electron transfer, making it useful as an 

electrode and known commonly as boron-doped diamond (BDD). 

1.2 Introduction To GUITAR: A Unique Carbon Material from The University of 

Idaho 

GUITAR (pseudo-Graphite from the University of Idaho Thermalized Asphalt Reaction) is a 

unique thin-film carbon material in literature. GUITAR was discovered in 2010 and 

characterized in detail in recent publications.3,4 In general, GUITAR is a nanocrystalline 

graphite-like hydrogenated amorphous carbon consisting of 88% carbon (85 %/15 %  sp2/sp3) 

and 12% H by mole. GUITAR’s position in the ternary phase diagram is identified by the red 

circle in Figure 1.1. GUITAR has a multilayer structure with a d-spacing of 0.350 nm (vs. 

0.334 nm for graphite), an average crystallite grain size of 1.5 nm (vs. μm to mm range for 

CVD grown graphene/graphite), and a Raman I(D)/I(G) ratio of 1.16 (indicating a high density 

of defects). It is referred to as pseudo graphite as its visual and microscopic appearances are 

similar to highly oriented pyrolytic graphite (HOPG) (see Figure 1.2) but with divergent 

electrochemical characteristics. Both possess edge/ basal plane configuration with a layered 

structure and visually look black, shiny, and metallic (see Figure 1.2 insets). HOPG is well 

known to have an atomically flat basal plane with characteristic step defects; however, these 

structural features are missing on GUITAR’s basal plane. 
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Figure 1.2 SEM micrographs of (A) GUITAR and (B) Highly oriented pyrolytic graphite 

(HOPG). Both materials have the basal and edge plane configurations with a layered structure, 

but the characteristic step defects are missing in GUITAR. Insets are photographs of the 

respective materials. 

Despite the superficial similarities between HOPG and GUITAR, there are significant 

differences in electrochemical properties. These differences include (i) a heterogeneous 

electron transfer (HET) rate with the Fe(CN)6
4-/3-  probe that is equally fast at both the basal 

and edge planes of GUITAR surface, (ii) resistance to corrosion that equals sp3 carbon 

electrodes, and (iii)  GUITAR has a high hydrogen overpotential that is 500 mV greater than 

pure sp2 C materials.5 Figure 1.3 summarizes the general trend of the first two characteristics 

for all carbon electrodes. The literature trend on these indicates that increasing sp2 content 

increases the HET rate constant while decreasing corrosion resistance behavior.  In this aspect, 

GUITAR is an outlier in this trend and has the best combination of resistance to corrosion and 

fast heterogeneous electron transfer of any known carbon material.4 These properties, and the 

low cost of the synthesis, lend GUITAR well to electrochemical applications, including energy 
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conversion (oxygen reduction in fuel cells), energy storage (battery, super capacitor), and 

electrochemical sensor applications.6,7,8 

 

Figure 1.3 (A) Corrosion currents (icorr) vs. sp2 -C content for carbon electrodes. A linear trend 

for log (icorr) vs. % sp2 -C in amorphous carbon is noted. GUITAR is an outlier in that trend. 

(B) HET rates for Fe(CN)6
3-/4- expressed as k0 (cm/s). The outlined region is the observed trend 

for amorphous (with 85% sp2) and graphitic (100% sp2) carbons. HOPG and BPPG age over 

time in air or solution, which eventually lowers the HET rates. 

Previous investigations on GUITAR proved that GUITAR has HET rates 2–10 orders of 

magnitude faster than other carbon materials for a variety of inner- and outer-sphere redox 

couples.6,8,9,10 Apart from GUITAR's excellent electrochemical properties, GUITAR 

electrodes can be grown in a variety of shapes and sizes without the use of metal catalysts 

(graphene and carbon nanotubes need metal catalysts during CVD synthesis). It is expected 

that GUITAR’s highly defective surface has the viability of modification by nitrogen doping.  

1.3 Nitrogen-Doped Carbon Material 

Recent advancements in the literature suggest that the functionalization of carbon materials with 

nitrogen can increase interfacial and electronic properties and improve their use in a wide range 



5 

 

of applications. Such applications include fuel cells, batteries, supercapacitors, electrochemical 

sensors, and many more.11 Among possible techniques for carbon modification, nitrogen doping 

has been extensively studied for the oxygen reduction reaction.11 Doping nitrogen 

(electronegativity of nitrogen is 3.06 vs. 2.55 for carbon) atoms in the carbon matrix cause 

charge polarization in the C-N bond, facilitating the adsorption of oxygen and hence in 

reduction.12,13 Nitrogen-doped vertically aligned CNT showed the change in chemisorption of 

oxygen from the usual end-on adsorption (Pauling model) to side-on adsorption (Yeager 

model), which effectively weakens the O-O bond and thus enhance the ORR process.14 A 

similar effect has been observed in nitrogen-doped graphene. It has been demonstrated that the 

introduction of N-atoms into the matrix of an sp2 bonded graphitic framework can lead to three 

different N-moieties (i)  pyridinic-N, (ii)  pyrrolic-N, and (iii) graphitic-N (or quaternary-N) as 

shown in Figure 1.4.15 The pyridinic and pyrrolic N species are edge plane functionalities and 

coordinated with two adjacent carbon atoms, whereas graphitic N species are coordinated with 

three adjacent carbon atoms. Determining the exact role of each nitrogen species is challenging 

due to the difficulties of achieving a selectively doped material with purely pyridinic, pyrrolic, 

or graphitic nitrogen. However, most of the trends in the literature where this has been achieved 

(combined with this work) indicates that graphitic N is responsible for ORR through the 2 

electron mechanism while pyridinic and pyrrolic N is responsible for the 4 electron 

mechanism.14 
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Figure 1.4 Possible N-moieties on the nitrogen-doped carbon surface. 

 

In this dissertation, two different forms of nitrogen-doped GUITAR are synthesized and tested 

for the oxygen reduction reaction. The emphasis is placed towards selective nitrogen doping 

and their role in ORR (4e- vs. 2e-). 
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Chapter 2: “A Highly Stable, Low-Cost Metal-Free Oxygen Reduction Reaction 

Electrocatalyst Based on Nitrogen-Doped Pseudo-Graphite.” Energy & Fuels, 2021, 

35 (12), 10146–10155. 

 

2.1 Abstract 

There have been many advancements in the search for an oxygen reduction reaction (ORR) 

catalyst that exhibits strong performance and exceptional durability using low-cost materials. 

Although recent advancements have focused on matching or surpassing the ORR performance 

of Pt/C, exploring ways to improve the durability of electrocatalysts on longer time scales has 

not been adequately addressed. In this work, a high-performing and stable ORR electrocatalyst 

was produced using a simple nitrogen-doping protocol on GUITAR (pseudo-Graphite from the 

University of Idaho Thermolyzed Asphalt Reaction)-coated Ketjen black (N´-GUITAR/KB). 

X-ray photoelectron spectroscopy indicates selective doping of pyridinic and pyrrolic moieties 

(total N abundance of 0.9%). Voltammetric experiments in O2-saturated 0.1 M KOH indicate 

that the electrocatalyst is exceptionally stable and one of the highest performers regarding 

overvoltage and current density. The system maintained its electrocatalytic performance 

throughout the Department of Energy (DOE) stress protocol, which consists of 30,000 

convective Cyclic voltammetry cycles in O2-saturated 0.1 M KOH. This remarkable stability, 

along with the low-cost synthesis, represents an important milestone in overcoming the 

challenges that prevent the wide-scale adoption of fuel cell technology. 

Keywords: Electrocatalysis, Fuel Cells, N-doping, Selective doping, Oxygen Reduction 

Reaction, Pseudo-graphite 
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2.2 Introduction 

The material, GUITAR (pseudo-Graphite from the University of Idaho Thermalized Asphalt 

Reaction), was discovered in 2010 and characterized in detail in recent publications.1–5 It is a 

graphite-like hydrogenated amorphous carbon (GLCH) in Stage 2 of the Ferrari amorphization 

trajectory.1,6 Specifically, it consists of 85%/15% sp2/sp3 hybridized carbon, with a d-spacing 

of 0.350 nm and a crystallite grain size of 1.5 nm.1 A computational study of amorphous carbon 

with this same composition predicted a graphite-like layered structure with interconnected 

molecular planes.7 These are features observed with GUITAR.1 It is pseudo-graphitic, having 

similar visual and microscopic appearances with graphite but with diverging electrochemical 

characteristics. These differences include electron transfer with the Fe(CN)6
4-/3- probe that is 

equally fast at both the basal and edge planes, the resistance to corrosion that equals sp3 carbon 

electrodes, and a hydrogen overpotential that is  0.5 V greater than other pure sp2 C materials.1,4 

It has the best combination of resistance to corrosion and fast heterogeneous electron transfer 

(HET) of any electrode material.1 These properties lend themselves well to electrochemical 

energy applications, including fuel cells.8 

While fuel cells function at high rates of efficiencies, their wide-scale adoption is 

tempered by several barriers, notably the sluggishness of the oxygen reduction reaction (ORR) 

at the cathode.9–11 The ORR kinetics are fastest in alkaline media where the following half-

reactions are relevant.11,12 

O2 + 2H2O + 4e- → 4OH-  E0 = 0.401 V vs SHE  (1) 

O2 + H2O +2e- → HO2
- + OH-  E0 = -0.076 V vs SHE  (2) 

HO2
- + H2O +2e-  → 3OH-              E0 = 0.878 V vs  SHE  (3) 
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The 4e- mechanism (Reaction 1) is preferred as it maximizes fuel cell voltage without 

creating corrosive byproducts. The 2e- reduction (Reaction 2) is less energy efficient and 

produces corrosive hydroperoxides.11,13 Reaction 3 is the 2e- consumption of the 

hydroperoxide ion to water.  

Commercial ORR catalysts consist of nano-Pt on carbon black (Pt/C), which has 

drawbacks of high costs and poor stability, experiencing a ~ 10% loss in current after 10 

hours.14–19 This loss is attributed to aggregation or loss of Pt and corrosion of the carbon 

substrate.20–22 Recent efforts have examined non-precious metals-based as well as a variety of 

metal-free N-doped carbon materials, which have a competitive ORR performance with lower 

costs. However, all experience performance losses under various stress regimens.14–19,23–25 For 

this contribution, a nitrogen-doped form of GUITAR (N´-GUITAR) was examined for ORR 

electrocatalysis and durability. It is expected that GUITAR’s resistance to corrosion and fast 

HET rates will give stable ORR electrocatalysis. This investigation was based on the guidelines 

offered by the U.S. Department of Energy and a recent editorial on the best practices for 

reporting the electrocatalytic performance of nanomaterials.26,27 A previous study of another 

form of N-doped GUITAR (N-GUITAR) indicated a predominance of graphitic nitrogen 

groups.28 This differs from the material of this study (N’-GUITAR) which produced pyrrolic 

and pyridinic groups with an absence of graphitic N. 
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2.3 Experimental 

2.3.1 Chemicals. 

The electrode components consisting, 20% Pt on Vulcan CX 72 carbon black (Fuel Cell Store, 

Texas, USA) and KFD graphite felt (SLG Carbon Company, St. Marys, PA, USA) were used 

as received. Ketjen black was obtained from eBay and ball milled for 24 hours before use. The 

reagents in this investigation were compressed N2(g) and O2(g) (>99.5 %, Oxarc, WA, USA), 

soybean oil (Walmart), clear silicone sealant (Momentive Performance Materials Inc. 

Huntersville, NC), 1,3,5-triazine-2,4,6-triamine or melamine (99%, Sigma-Aldrich, USA), 5% 

Nafion perfluorinated resin solution (Sigma-Aldrich, USA), KOH (97%, EMD Chemicals, 

USA) and ethanol (99.5%, Pharmaco, CT, USA) were used without further purification. House 

deionized water was further purified through an activated carbon cartridge (Barnstead, model 

D8922, Dubuque, IA) and was used to prepare solutions. Silica gel sorbent (35-70 mesh, Fisher 

Scientific) was used for BET analysis. 

2.3.2 Synthesis of nitrogen-doped GUITAR on Ketjen black (N´-GUITAR/KB).  

As received Ketjen black (KB) was ball milled for 24 hours, and the GUITAR coating 

(GUITAR/KB) was done following a previously reported chemical vapor deposition method.1 

The Ketjen black was treated with a 15-minute GUITAR deposition using a soybean oil 

precursor under nitrogen flow at 900oC. Afterwards, the coated particles were dried at 125 o C 

for 24 hours. Nitrogen doping proceeded by mixing the GUITAR/KB particles with melamine 

in a 1:10 mass ratio and placing in a tube furnace under N2 flow (1.4 L min-1). The temperature 

was increased at a rate of 10°C min-1 from room temperature to 800°C, where it was annealed 

for 1 hour.29 The resulting N´-GUITAR/KB particles were cooled to room temperature under 
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N2 atmosphere. Nitrogen-doped Ketjen black (N´-KB) was also synthesized as a control using 

the same process. 

2.3.3 Physical Characterization. 

The XPS (x-ray photoelectron spectroscopy) apparatus was built in-house at Oklahoma State 

University. Spectra were recorded and performed in a vacuum chamber with a base pressure 

of 1×10-9 torr, with the Al Kα emission line (1486.6 eV) and a hemispherical energy analyzer 

with a resolution of 0.025 eV at room temperature. Deconvolved C1s and N1s XPS peaks were 

fitted to Gaussian curves with Shirley background subtraction and with the full width at half 

maximum kept constant. Brunauer–Emmett–Teller (BET) surface area measurements of the 

samples were conducted using a Micrometrics, Flowsorb II 2300. Two runs on standard silica 

gel sorbent were carried out before analyzing N´-GUITAR/KB and KB.  Measured values for 

standard silica gel were 536 ± 13 m2 g-1 (vs. 512 m2 g-1 as reported by the manufacturer). 

Scanning electron microscope (SEM) images were obtained with a Zeiss Supra 35 SEM (Carl 

Zeiss, Germany). The electrochemically active surface area (ECSA) of N´-GUITAR/KB was 

determined by measuring the non-faradaic current density between the scan rates of 0.005 and 

0.3 V s-1 in 0.1 M KOH.  The ECSA was calculated by dividing the double-layer capacitance 

(Cdl) of particles electrode with that of flat GUITAR (Cdl, flat) (𝐸𝐶𝑆𝐴 =  
𝐶𝑑𝑙,

𝐶𝑑𝑙,𝑓𝑙𝑎𝑡
). 27 The 

GUITAR coated quartz slides (flat GUITAR) were sealed using a clear silicone sealant, leaving 

an exposed area of 0.1–0.2 cm2 (as described in a previous publication).1 Raman spectra were 

taken with a 532 nm laser. 
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2.3.4 Electrochemical Analysis. 

The ORR electrode was prepared by a drop cast method. The catalyst ink solution consisted of 

450 µL of deionized water, 450 µL of ethanol, 100 µL of 5 wt.% Nafion solution, and 10 mg 

of N´-GUITAR/KB particles. A 7.5 µL aliquot of the catalyst ink was carefully deposited on 

a micro-polished glassy carbon surface, then dried at room temperature for 2 hours prior to 

use. The particle loading for N´-GUITAR/KB, GUITAR/KB, KB, and N´-KB in the Nafion 

films was 1.0 mg per cm2 of geometric surface area. Figure S2.1 shows the performance of 

other loading levels for N´-GUITAR/KB that ranged from 0.6 to 2.0 mg/cm2. The control Pt/C 

(20%) films in this study had 0.2 mg cm-2, a typical loading in literature.16,24,30 All 

electrochemical experiments were performed in an undivided three-electrode cell, with a 

Ag/AgCl (3 M KCl, aq) reference electrode, a 15 cm x 10 cm KFD graphite felt counter 

electrode in 0.1 M KOH using a Bioanalytical Systems CV-50W Potentiostat (West Lafayette, 

IN, USA). Electrode potential conversions to the reversible hydrogen electrode (RHE) were 

done using the Nernst relationship, ERHE = EAg/AgCl + 0.977 at pH 13.31 Cyclic stability tests 

were carried out using a Gamry instruments interface 1000 Potentiostat and a Pine Instruments 

glassy carbon rotating disk electrode (RDE) (Grove City, PA, USA). The cyclic stability test 

was carried out based on the DOE test protocol, which includes a 30,000 cycle test between 

+0.025V and -0.375V vs. Ag/AgCl at  0.05 V s-1at 800 rpm in O2 saturated 0.1 M KOH.26 The 

cycling was paused after every 5,000 cycles, during which a CV at quiescent conditions and 

RDE LSV at 1600 rpm were recorded to measure any performance losses. Oxygen or nitrogen 

gases were purged through the 0.1 M KOH solution for an hour to produce saturated solutions 

prior to testing. 
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2.4 Results and Discussion. 

2.4.1 X-ray Photoelectron Spectroscopy.   

The extent of N-doping in the N’-GUITAR/KB particles was examined by X-ray photoelectron 

spectroscopy (XPS). Results are shown in Figure 2.1. The wide-scan spectrum in s 2.1A and 

D and high-resolution XPS spectra of the N1s peak in Figures 2.1C and F indicate that the 

control GUITAR/KB particles lack the N1s peak observed in the N´-GUITAR/KB particles. 

Based on peak areas, the relative atomic percentages for C (C1s, 284.1eV) and O (O1s, 532.4 

eV) in GUITAR/KB are 94.7% and 5.3%, respectively. With N´-GUITAR/KB, the C, O, and 

N (N1s, 398.2 eV) abundances are 97.0%, 2.1%, and 0.9%, respectively. The deconvolved C1s 

peaks of N´-GUITAR/KB and GUITAR/KB are shown in Figure 2.1B and Figure 2.1E, 

respectively. The peak assignments and relative abundances are labeled in that diagram and 

are based on recent XPS literature.32–37 The peaks at 288.7 eV and 290.6 eV in Figure 2.1E are 

assigned to C-O and C=O, respectively. Slight increases in those peaks on N´-GUITAR/KB in 

Figure 2.1B can be attributed to C=N and C-N from the doping process.38 The sp2/sp3 

(85%/15%) ratio in Figure 1B & E is in agreement with a previous study on GUITAR.1 Figure 

2.1A shows an N abundance of 0.9% in N´-GUITAR/KB. In the literature, N-doped carbon 

materials typically range from 1.2 to 11.3 atomic %.16,19,23,24,30,38–42 The N´-GUITAR/KB XPS 

indicates the presence of pyridinic (398.2 eV), pyrrolic (400.4 eV) and N-oxides (404.3 eV) 

(see Figure 2.1C), however graphitic nitrogen (401.5 eV) is notably absent. It is unusual to find 

such selectively nitrogen-doped carbon materials in literature. The XPS analysis on KB and 

N´-KB samples show that N´-KB contains 0.6 atomic % of nitrogen (Figure S2.8), compared 

to the 0.9% abundance in N´-GUITAR/KB (Figure 2.1A). N´-KB also contains 17.2 % 

graphitic nitrogen (Figure S2.2), whereas N´-GUITAR/KB contains none. A previous study 

using an alternative method for nitrogen doping gave a predominance of graphitic nitrogens.28 
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Only two other N-doped carbon materials were located in the literature that also lacks 

quaternary (graphitic) N.41,42 

 A Raman study of N´-GUITAR/KB gave a D and G band position of 1349 and 1585 

cm-1, respectively, with a I(D)/I(G) ratio of 1.14. These are essentially unchanged compared 

with undoped GUITAR. This behavior has been observed with other N-doped carbon materials 

with undoped starting materials.43 

 

 Figure 2.1. (A) Wide-scan XPS spectra of N´-GUITAR/KB. The C1s, N1s, and O1s peaks 

are labeled. (B) High-resolution XPS spectra of the C1s peak of N´-GUITAR/KB with 

deconvolved functional group peaks. (C) High-resolution XPS spectra of N1s peak of N´-

GUITAR/KB indicating pyridinic (398.2 eV), pyrrolic (400.4 eV), and N-oxide (404.3 eV) 

peaks. (D) Wide-scan XPS spectra of GUITAR/KB. (E) High-resolution XPS spectra of the 

C1s peak of GUITAR/KB and (F) High-resolution XPS spectra indicating the lack of N1s peak 

(398.2 eV) of GUITAR/KB. Deconvolution was carried out after data smoothing using the 

Savitzky-Golay method. 
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2.4.2 Surface Area Analyses Measurements.  

Coating KB with N´-GUITAR increases the average particle diameter from 30 ± 10 nm (n = 

25) to 61 ± 17 nm (n = 25), as shown in the SEM images of Figure 2.2. These measurements 

were conducted with ImageJ software. 

 

Figure 2.2. SEM micrographs of Ketjen black (A) and (C), diameter (d) = 30 nm with a 

standard deviation (s) = 10 nm over 25 samples (n = 25) and, (B) and (D) N´-GUITAR/KB, d 

= 61 ± 17 nm (n = 25).  

 

Surface area measurements of the particles were estimated by Brunauer, Emmett, and 

Teller (BET) analysis and for the electrochemically active surface area (ECSA) by cyclic 
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voltammetry (CV) as discussed in the Supplementary information (SI) Figure S2.3 and S2.4. 

A recent editorial for reporting electrocatalytic performance recommends normalizing with 

ECSA rather than the BET area, as the latter may include areas that are not entirely utilized.27 

The data are summarized in Table 1. The reduction in BET surface area from KB to N´-

GUITAR/KB indicates that the GUITAR coating fills in the pores of the substrate.8 The N´-

GUITAR/KB surface area lies within the range of literature ORR 

electrocatalysts.16,17,23,24,38,44–47  For the N-doped electrocatalyst, the ECSA is based on non-

faradaic capacitive current in 0.1 M KOH. This was measured with CV at 0.005-0.3 V s-1, 

with capacitive current measured at 0.1 V vs. Ag/AgCl.27 For the Pt/C electrocatalyst, the 

ECSA measured by hydrogen desorption methods is described in the SI (Figure S10).26,48,49 

The ratio of ECSA/BET area is 25% for N´-GUITAR/KB and 31% for Pt/C. For the latter, 

this is similar to what is observed in the literature (~20%).48 In both cases, this is probably 

caused by the limited access of the aqueous electrolyte in the nanopores of the composite 

electrocatalyst.  

Table. 2-1. BET and electrochemically active (ECSA) surface areas of materials used in this 

study. 

 

Material BET (m2 g-1) ECSA (m2 g-

1) 

References 

Ketjen Black (KB) 1230 N/A This Work 

N´-GUITAR/KB 340 84.7 

Pt/C 180* given by vendor  57.9 

Literature  101-3092 N/A 16,17,23,24,38,44–47 
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2.4.3 Electrocatalyst Performance. 

2.4.3.1 Cyclic Voltammetric Experiments.   

Figure 2.3A shows the CVs at 0.05 V s-1 in 0.1 M KOH under O2 and N2 saturated conditions 

for N´-GUITAR/KB and GUITAR/KB. The importance of N-doping of GUITAR for the ORR 

is evident in the comparison of the CVs of this electrocatalyst with the controls consisting of 

GUITAR/KB, N-doped KB, and KB. The CV, peak current density (jp), and peak potential 

(Ep) of these materials are compared in Table 2. Among all catalysts in this study, N´-

GUITAR/KB has the highest current density at the lowest overpotential.  

Table 2-2. ORR performance as evaluated from cyclic voltammetry at 0.05 V s-1 under O2 

purged 0.1 M KOH. ORR CV for GUITAR/KB and N´-GUITAR/KB are in Figure 2.3A. 

ORR CV for KB and N´-KB are in Figure S2.5.  

 

The two reduction peaks observed for GUITAR/KB at -0.3V and -0.81 V are consistent 

with the 2-step 2e- reduction of O2 with HO2
- as the intermediate (Equations 2 and 3). This is 

typical for undoped carbon electrodes.16,29,41,50,51 The single peak of N´-GUITAR/KB is 

consistent with a 4e- reduction directly to water (Equation 1). The N´-GUITAR/KB ORR 

electrocatalyst demonstrates the best performance based on current density, and only Pt/C has 

Catalyst  Current density at -

0.2 V (mA cm-2) 

CV Ep for ORR 

(V) 

Background subtracted 

jp at Ep (mA cm-2) 

N´-GUITAR/KB 3.9 -0.270 6.2 

GUITAR-KB 0.4 -0.303 3.0 

Ketjen black (KB) 0.2 -0.295 2.5 

N´-KB 0.6 -0.335 3.8 
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a lower overpotential of the electrodes tested in this study (Figure 2.3C). The Pt/C 

electrocatalyst before the cycling stress test (dashed line) has an Ep of -0.14 V and jp of 2.1 mA 

cm-2.  This value lies within the literature range of -0.12 to -0.15 V and 1.1 to 2.30 mA cm-2, 

respectively.52,53  

 

Figure 2.3. (A) ORR cyclic voltammogram for N´-GUITAR/KB and GUITAR/KB. (B) 

Comparison of ORR peak potentials and background subtracted current densities with 

literature (values are listed in Table S2.1).16,18,23,24,30,38,45,47,54–59 The Pt/C before and after the 

DOE-based stress test are shown (X). (C) ORR cyclic voltammograms at 0.05 V s-1 for Pt/C 

before (dashed) and after (solid) the DOE stress test. (D) Electrochemical active surface area 

(ECSA) retention during the DOE stress test. The experimental conditions for all CVs in this 

figure are taken from the literature (unless otherwise labeled) are at 0.05 V s-1 in O2 saturated 

0.1 M KOH. 

 

The N´-GUITAR/KB jp of 6.2 mA cm-2 (geometric area) is the highest reported in the 

literature. These range from 1–3 mA cm-2 at the potential sweep rate of 0.05 V s-1 in 0.1M 

KOH.16,18,23,24,30,38,45,47,54–59 However, the Ep for N´-GUITAR/KB is more negative relative to 
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these studies and Pt/C results.23,24,30,38,54 For comparison with literature, Figure 2.3B plots the 

CV current densities of N´-GUITAR/KB at -0.15, -0.20, and at its Ep of -0.27 V vs Ag/AgCl 

(labeled as points 1-3, respectively). At point 2 of Figure 2.3A, the CV current density of N´-

GUITAR/KB at -0.2 V is 3.9 mA cm-2. This would be at the top end of typical ORR CV 

performances for recent ORR electrodes if considering their respective Ep and jp. Despite 

having a relatively low nitrogen content, the N´-GUITAR/KB ORR electrocatalyst is one of 

the top performers compared to other modified carbon materials. This adds to the evidence that 

pyridinic and pyrrolic groups enhance ORR kinetics.19 This selective doping may be due to the 

relatively high degree of disorder within the lattice of GUITAR, which minimizes graphitic 

N.1–5,8 

2.4.3.2 Rotating Disk Electrode Experiments.  

Rotating disk electrode voltammetry (RDE) further confirmed the exceptional performance of 

the ORR electrocatalyst. Figure 2.4A shows the RDE-linear sweep voltammograms (LSV) at 

0.005 V s-1 at 1600 rpm in 0.1M KOH. The RDE-LSV obtained before the stress tests are in 

the dashed lines. As with the CV jp’s, the limiting current density (jlim) of N´-GUITAR/KB 

achieves a higher current density than Pt/C, however, at a more negative (less favorable) half-

wave potential (E1/2). The E1/2 values for Pt/C and N´-GUITAR/KB are 0.103 and 0.053 V vs 

SHE, respectively. Figure 2.4B highlights this comparison with N´-GUITAR/KB (black 

triangle) with Pt/C (brown X). The combination of more positive E1/2 and higher jlim gives a 

better overall performance. Using this consideration, the literature values for other 

electrocatalyst systems are represented in Figure 2.4B. The carbon-based electrocatalysts are 

in triangle and the metal-based systems in squares.14,24,54,56,60–73 N´-GUITAR/KB (black 

triangle) is highly competitive in these considerations especially with Pt/C (X). The E 1/2 of 
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N´-GUITAR/KB is only 0.05 V negative of Pt/C, but with a higher limiting current density of 

6.3 mA cm-2 vs., 5.3 mA cm-2 at -0.6 V. A Tafel study conducted at 1600 rpm for the N´-

GUITAR/KB and Pt/C gave slopes of 0.098 V dec-1 and 0.110 V dec-1, respectively in the 

potential region above -0.15 V (Figure S2.6). The slopes indicate that the two electrocatalysts 

have similar electrode kinetics values in this potential region.  

 

Figure 2.4. (A) Linear sweep voltammogram (RDE-LSV) recorded at 0.005 V s-1 at 1600 rpm 

in O2 saturated 0.1M KOH with N´-GUITAR/KB in black and Pt/C in orange lines. The 

voltammograms obtained before the DOE stress tests are dashed (---). (B) Comparison of half-

wave potential (E1/2) and limiting current densities of ORR catalysts of this study with 

literature, see Table S2.2 for tabulation.14,24,54,56,60–73 (C) Plots of relative limiting currents for 

N´-GUITAR/KB and Pt/C during the DOE stress test. (D) Plots of E1/2 shifts during stress test 

for N´-GUITAR/KB and Pt/C. 
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2.4.4 Electrocatalyst Durability.  

The durability of the ORR electrocatalyst was examined by CV methods as recommended by 

the Department of Energy (DOE) and a recent commentary.26,27 The DOE test protocol for 

ORR catalysts specifies 30,000 CV scans at 0.05 V s-1 under convection between +0.025 V and 

-0.375 V vs Ag/AgCl. In this study, the N´-GUITAR/KB and commercial Pt/C electrocatalyst 

Nafion films were drop cast on an RDE and stressed by cycling using the DOE protocol in 0.1 

M KOH under continuous O2 purging and 800 rpm. 

The stability of the electrocatalysts was assessed by pausing the stress test every 5,000 

cycles and conducting an RDE-LSV and a CV under quiescent conditions. The N´-GUITAR 

electrocatalyst remained stable under both voltammetric assessments. In Figure 2.4C and 4D, 

the RDE voltammetric analyses show no shift in E1/2 or jlim for N-doped material, whereas Pt/C 

experienced a 9% loss in jlim (5.3 to 4.8 mA cm-2) and 0.038 V cathodic shift in E1/2 (-0.100 V 

to -0.138 V). The overall loss in performance for Pt/C of this study is typical for 

literature.41,46,55,74,75  

The CVs (Figure 2.3A and C) obtained during the pauses are able to estimate losses in 

ECSA along with Ep and jp. The nitrogen-doped material exhibits complete stability as the CVs 

are identical before and after the stress tests. Evidence for the performance degradation of the 

Pt/C electrocatalysts is with the shifts of initial Ep and jp of -0.140 V and 2.1 mA cm-2, 

respectively, to -0.170 V and 1.9 mA cm-2 after 30,000 CV cycles in Figure 2.3C. Figure 2.3D 

highlights the changes in ECSA during CV stressing. The commercial Pt/C electrocatalyst 

experienced losses of 38% of the ECSA (35.8 vs. 57.9 m2 g-1) at the end of cycling; this is 

typical of what is observed in the literature.41,75 The N´-GUITAR/KB catalyst maintains and 

slightly increases by 3% its ECSA throughout the stress test as estimated from capacitive 
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currents. This increase is not understood but might arise from increases from surface activation 

from continued use. 76 

Other ORR electrocatalysts degrade under similar test protocols, typically ranging 

between 1,000 and 10,000 CV cycles. The estimated losses in ECSA and current density were 

5% to 15%. There is also an E1/2  shift of -0.003 to -0.022 V with these materials (Table 

S2).14,24,45,46,54,56,60–73,77,78 A notable exception in the literature was composed of a vertically 

aligned nitrogen-doped carbon nanotube array, that was stable through 100,000 CV cycles.41 

No other ORR electrocatalysts could be located in the literature that demonstrates complete 

stability. It is important to note that many investigations were ambiguous in descriptions of 

their convection conditions. 

The stability of the N´-GUITAR system (Figure 2.3A and Figure 2.4A) indicates the 

robustness of both the active ORR electrocatalytic sites and the surface of this material. Also, 

note that the E1/2 for N´-GUITAR/KB is only 0.024 V negative of Pt/C with a higher limiting 

current density (6.3 mA cm-2 vs. 4.8 mA cm-2) at the end of the durability test (see Figure 

2.4A). This is also apparent with the CV experiments in Figure 2.3A-C, as discussed above. 

Given the apparent stability of the N´-GUITAR/KB, it is expected to be an excellent ORR 

catalyst for long-term applications. This stability may be attributed to the corrosion resistance 

of GUITAR. Such attack may be from the peroxides formed by partial consumption of O2 by 

the electrocatalyst (see Equation 2). Recent publications elaborate on the corrosion stability of 

GUITAR relative to other carbon materials.1 GUITAR has corrosion rates 2–3 orders of 

magnitude lower than other sp2 carbon allotropes, which likely contributes to its stability as 

ORR catalyst.  
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2.4.5 Estimation of Number of Electron Transferred in Electrocatalytic Reduction of Oxygen.  

Complete consumption of O2 is a four-electron pathway to water (Reaction 1). This is the 

preferred process to maximize fuel cell voltage output and minimize corrosive intermediates. 

Hydrodynamic studies allow for the estimation of n, the number of electrons transferred per 

O2, for the electrocatalysts of this investigation through the Koutecky-Levich (K-L) equation 

below. 

1

𝐽
=  

1

𝐽𝑘
+

1

𝑩𝜔1/2  (4) 

The variable J is the measured current density, Jk is kinetic current density, and ω is the 

angular velocity of the disk electrode in radians per second. The factor, B is 0.62 𝑛𝐹𝑣
1

6𝐶𝑂2
𝐷𝑂2

2

3 , 

F is Faraday’s constant, ν is the kinematic viscosity of the electrolyte (0.01 cm2 s-1), 𝐶𝑂2  is the 

bulk concentration of oxygen in 0.1 M KOH at room temperature (1.20 × 10-6 mol cm-3), and  

𝐷𝑂2
is the diffusion coefficient of O2 in 0.1 M KOH (1.90 ×10-5 cm2 s-1).  All studies were 

conducted at 0.005 V s-1 sweep rate with an RDE.16,23,24,30,39,46 

Background corrected LSV-RDE at various rotation rates are shown in Figure 2.5A for 

N´-GUITAR/KB and SI for GUITAR/KB and Pt/C (Figure S2.7 and S2.8).16,31,79 The K-L plot 

are also shown for N´-GUITAR/KB, with n = 3.6 to 3.7 within the potential range of -0.4 V to 

-0.7 V. This is consistent with other N-doped carbon materials observed in the literature, which 

range from 3.1 to 4.1 electrons per O2.
16,17,31,38,39,46,55,59,80 Unmodified GUITAR/KB has a 

predominantly 2-electron pathway, with n = 2.6 to 2.8.  The commercial Pt/C used in this study 

ranges from n = 3.6 to 3.7, which is consistent with the literature (Figure 2.5B).16,17 
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The change from a predominantly 2-electron pathway with GUITAR/KB to a 

predominantly 4-electron pathway with N´-GUITAR/KB is attributed to the presence of 

pyridinic nitrogen and the absence of quaternary nitrogen (see the XPS results above and 

Figure 2.1C).19,24,29,81–84 The 4-electron and 2-electron ORR pathways are associated with 

pyridinic and quaternary nitrogen functionalities, respectively.32,41,85 

 

 

Figure 2.5. (A) Background corrected RDE-LSV in O2 saturated 0.1 M KOH at 0.005 V s-1 at 

different rotation speeds (rpm-rotations per minute) with N´-GUITAR/KB. (B) Number of 

electron transfer vs. potential as obtained from Koutecky-Levich (K-L) plots derived from 

respective RDE LSV shown in Figure S2.7 and S2.8 

 

2.4.6 The ORR Electrocatalyst is not Affected by Methanol Crossover.  

Crossover of methanol into the cathodic compartment poisons Pt-based ORR catalysts.86,87 To 

assess the tolerance of the N´-GUITAR/KB system to methanol, chronoamperometric RDE 

responses were recorded at -0.45 V (vs. Ag/AgCl) at 800 rpm in O2 saturated 0.1 M KOH 

before and after introducing 3.0 M methanol. As seen in Figure 2.6, the ORR current remained 

constant for N´-GUITAR/KB, while a sharp decrease of approximately 60% in ORR current 
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was observed for Pt/C after the introduction of 3.0 M methanol at 240 sec. This steep decline 

in performance by Pt/C is consistent with the literature. In general, nitrogen-doped carbon ORR 

catalysts are known to be tolerant in the presence of methanol.16,23–25 

 

  

Figure 2.6. Methanol interference studies with N´-GUITAR/KB and Pt/C ORR 

electrocatalysts using RDE (800 rpm) at -0.45V vs. Ag/AgCl in O2 saturated 0.1 M KOH. 

Methanol was injected at 240 sec, the relative current for N´-GUITAR/KB remained constant 

in the post-injection time period. 

 

 

2.5 Conclusion 

In this contribution, N´-GUITAR was synthesized, characterized, and found to be a stable and 

high-performing ORR electrocatalyst. N´-GUITAR exhibited no loss in current density, no Ep 

shift, and no reduction in capacitive current throughout the DOE recommended 30,000 cycle 

stress test in O2 saturated 0.1 M KOH. It is worth noting that despite being a significant 
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benchmark for fuel cell development, the durability testing observed in literature is often much 

less rigorous than the protocol employed in this study. The remarkable stability of this catalyst 

is most likely related to several underlying properties of N´-GUITAR. It was found that 

annealing GUITAR with melamine will result in the selective doping of pyridinic and pyrrolic 

nitrogen. These moieties are more selective to the 4-electron process, which makes it a more 

efficient ORR catalyst and reduce the production of reactive oxygen species (a possible source 

or catalyst degradation). GUITAR also possesses a high degree of anodic stability and 

resistance to corrosion by reactive oxygen species (as mentioned in the introduction). The 

competitive ORR performance is rooted in the fast-heterogeneous electron-transfer (HET) rate 

of GUITAR. Previous studies indicate that GUITAR has HET rates 2-10 orders of magnitude 

faster than other carbon materials for a variety of inner and outer-sphere redox couples.1–5,8 

The sum of these features, along with the low cost of synthesis, make N´-GUITAR/KB a 

practical candidate for widespread use in fuel cell technology.   
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2.7 Supplementary Information 

Particle loading study: A particle loading of 1.0 mg/cm2 of N´-GUITAR/KB was used in this 

study. This loading had the highest ORR current density at -0.2V vs. Ag/AgCl relative to others 

shown in Figure S2.1. In general, jp increases with higher particle loadings, however, there is 

a negative shift in Ep with higher particle loadings. This is possibly from increased contact 

resistance between the particles at higher loadings.  

 

Figure S2.1: Particle loading study on N´-GUITAR/KB. Electrodes were cycled in O2 

saturated 0.1 M KOH at 50 mV/sec. The mass % of Nafion and volume of solvents were kept 

consistent during this experiment. 
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XPS study on Ketjen black (KB) substrate and Nitrogen doped Ketjen black (N’-KB):  

XPS results of Ketjen black substrate and nitrogen doped Ketjen black are shown in Figure 

S2.2. N’-KB contains 0.6 atomic % nitrogen (Figure S2.2D). The deconvoluted N1s peak of 

N’-KB contains 17.2% of graphitic nitrogen (Figure S2.2F), whereas N’-GUITAR/KB 

contains none. 

 

Figure S2.2: XPS comparison between KB and N’-KB. (A and D) Wide-scan XPS with the 

C1s, N1s, and O1s peaks highlighted. (Band E) High-resolution XPS of the C1s peak with 

deconvolved functional groups peaks. (C and F) High-resolution XPS of the N1s peak with the 

deconvoluted peaks. 
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The electrochemically active surface area (ECSA): ECSA  for N´-GUITAR/KB is 

calculated from the non-faradaic capacitive current at + 0.1 V vs. Ag/AgCl.1 This current was 

plotted vs. the scan rates from 5 to 300 mV/sec (Figure S2.3).  The slope of this plot is the 

electrical double layer capacitance, which is 50.5 µF/cm2 for flat GUITAR and 4460 µF/cm2 

for N´-GUITAR/KB. The ECSA is calculated from Equation 1, where Cdl is the capacitance 

for N´-GUITAR/KB, and Cdl, flat is for the flat GUITAR electrode.  

(𝐸𝐶𝑆𝐴 =  
𝐶𝑑𝑙,

𝐶𝑑𝑙,𝑓𝑙𝑎𝑡
)                                                                      (1) 

The ECSA for N’-GUITAR/KB is 883.16 cm2 per cm2 of geometric area. It is assumed that 1 

cm2 of flat GUITAR surface area equals 1 cm2 of ECSA, assuming a surface roughness factor 

of 1.  
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Figure S2.3: (A) and (C) include cyclic voltammograms at different scan rates on Flat 

GUITAR and N´-GUITAR/KB electrodes, respectively, in O2 purged 0.1 M KOH. (B) and (D) 

are plots of non-faradic current density at +0.1 V vs. scan rate. The slope of these plots gives 

capacitive current. 
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The electrochemically active surface area (ECSA): ECSA for Pt/C electrocatalyst is calculated 

from the hydrogen desorption method using equation 2.  

(𝐸𝐶𝑆𝐴 =  
𝑸 𝑡𝑜𝑡𝑎𝑙 (µ𝐶𝑐𝑚−2)

𝑸𝑚𝑜𝑛𝑜𝑙𝑎𝑦𝑒𝑟(µ𝐶𝑐𝑚−2)∗𝑚𝑎𝑠𝑠 (𝑔𝑚−2)
)                              (2) 

Where Q monolayer is 210 µCcm-2 and Q total is the total charge for hydrogen desorption.2–5 The 

ECSA for Pt/C is 57.9±0.3 m2g-1 (n=2). This area is shown in Figure S2.4. 

 

 

Figure S2.4: Pt/C CV in 0.1 M KOH at 50 mV/sec. 
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ORR performance of the control surfaces: The controls in these studies include unmodified 

Ketjen black and N-doped Ketjen black. These were evaluated for ORR performance under 

the same conditions as the N´-GUITAR/KB electrocatalyst. Figure S2.5 shows the CV’s of 

these studies. These are included in Table 2.1 of the manuscript.  

 

                                     

 

Figure S2.5: ORR CV at 50 mV/sec in O2 and N2 purged 0.1 M KOH. (A) Ketjen black and 

(B) nitrogen doped Ketjen black (N´-KB). All electrodes consisted of Nafion composites with 

1.0 mg cm-2 particle loadings.  
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Table S2.1: ORR performance comparison with literature. The data for Figure 3B in the 

manuscript are shown in the following table with references. Table S2.1: Literature showing 

ORR performance at 50 mV/sec in oxygen saturated 0.1 M KOH. Note that N´-GUITAR/KB 

has a higher ORR current density at the peak potentials of the other electrocatalysts. Peak the 

current density (jp) based on electrode geometric surface area. (Note: *indicates values 

estimated from their data and description.) 

 

 

Reference number in manuscript- (electrocatalyst-

journal- published year)  

Reference in 

SI 

Peak 

current 

density(jp) 

(mA cm-2)  

Peak 

potential 

(Ep) (mV) vs 

Ag/AgCl 

N´-GUITAR/KB TW 6.27 -270 

16- (NCNP-CNF, ACS Appl. Mater. Interfaces-2016)  6 3.20 -280 

23-(Fe,S/NGC-900, ACS Appl. Mater. Interfaces-2016)  7 2.60* -175* 

30-(Co-N-OMMC 0.6, Applied Catalysis B: 

Environmental-2016)  

8 2.51 -195 

24- (N, F-Carbon-1000, ACS Appl. Mater. Interfaces- 

2017)  

9 1.20* -147 

38-(Me/HNMK-5, ChemElectroChem-2018)  10 1.20* -225* 

54-(Co@NS/CNT-MCF-900, J. of Materials 

Chemistry A-2017)  

11 1.00* -146 

18-(NPCS-850-J. Phys. Chem. C -2018)  12 1.50* -187 

56- (HT-NCTs, J. Mater. Chem. A- 2017)  13 1.25* -266 

57-(PCPG-900, colloids and surfaceA-2018)  14 1.20* -275* 

47- (CuAg@Ag/N-GNS-ACS Appl. Mater. Interfaces-

2018)  

15 2.20* -257 

58-(BP2000-NF, Scientific Reports-2013)  16 2.60* -160 

45-(Co@N‐CNR, ChemElectrochem-2018)  17 1.20* -207 

55-(CoxOy /CNT@C, Nano Research, 2016)  18 3.00* -207 

59-(3D-N-RGO/MnO, The Journal of Physical 

Chemistry C-2015)  

19 1.00* -350 
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Table S2.2: RDE-LSV comparison with literature. Comparison of half-wave potential (E1/2) and 

limiting current densities (j
lim

) are shown in Figure 4B in the manuscript (Note: *indicates values 

estimated from their data and description). LSV conditions are 1600 rpm at 5 mV/sec in O2 saturated 

0.1 M KOH unless otherwise mentioned.  

Reference as in the 

manuscript. 

(Electrocatalyst-journal- 

published year) 

Reference 

in SI  

E
1/2

 V vs 

RHE 

Limiting 

current 

density, (mA 

cm-2) 

Stability  

N´-GUITAR/KB TW 0.82 6.3 No loss till 30K cycle 

Pt/C TW 0.87 5.26 - 38 mV shift in E
1/2

 after 30K 

cycle 

-9% current loss after 30K cycle 

test 

- 38% loss in ECSA after 30K 

cycle 

Carbon based electrocatalysts 

60. (N
0.54

–Z
3
/M

1
-900, 

Env.Sci-2019) 

20 0.82 4.3  
-0.25 mA cm

-2

 loss after 1000 

CV test  

-2.6% current decay over 24hr at 

0.565 V vs RHE 

 

61. (N-GNr@CNT, 

Nature communication -

2018) 

21 0.839 5.1 N/A 

62. (Porous carbon, 

Energy Environ. Sci.-

2014,) 

22 0.70  4.6 -25% current decay over 6.9hr at 

0.4V vs RHE 

63. (N-Porous carbon, 

Nanomaterials -2020) 

23 0.76 3.6*  -13.5% current decay over 10 hr 

at 0.8V vs RHE 

64. (C
60

-SWCNT, J. Am. 

Chem. Soc.-2019) 

24 0.84 1.73 -7.5% current decay over 50hr at 

0.7 V vs RHE 

64. (NPDC-1.09, 

Sustainable Energy & 

Fuels-2019) 

25 0.84 6.01 -11% current decay over 22hr at 

0.8V vs RHE 

-15mV shift after 1000 CV test  

https://pubs.rsc.org/en/content/articlelanding/2014/ee/c3ee42799d
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14.(N-GRW, Science 

Advances -2016) 

26 0.84 3.6 -10% current decay over 12-hour 

test at 0.7 V vs RHE 

-15 mV shift in E
1/2

 after 2000 

cycle (35 mV E
1/2

 shift for Pt/C) 

24. (N, F-Carbon-1000, 

ACS Appl. Mater. 

Interfaces-2017) 

9 0.84 5.2 -9% current decay over 5 hr use 

at 0.4V vs RHE 

- E1/2
 shift by 10 mv after 10000 

CV cycle 

56. (Hierarchically 

tubular –NCTs, journal 

of materials chemistry A- 

2017) 

13 0.76 4.9 -20% current decay over 50 hr 

test at 0.65 V vs RHE 

66.(NGRO, ACS Appl. 

Nano Mater. - 2019,) 

27 0.84 2.5 -E1/2
 shift by 20 mV shift after 

10000 cycles 

78. (N-carbon nanofibers 

N-CN, nano energy-

2015) 

28 0.8 5.6* -E1/2
 shift by 20 mV shift after 

10000 cycles (40 mV E1/2
 shift 

for Pt/C) 

69.(Carbon foam 

Angewandte chemie-

2019) 

29 0.87 4.2* -20% current decay over 8.3 hr 

at 0.87 V vs RHE 

39.(N-GNR8.3, ACS 

Appl. Mater. Interfaces- 

2014,) 

30 N/A 3.5* -4.9% current decay over 1.38 hr 

at -0.3 V vs Ag/AgCl 

Metal-based electrocatalysts 

67. (Atomically 

dispersed Zn–N–C, 

Angew. Chem. Int. Ed.- 

2019) 

31 0.87 5.0 -E1/2
 shift by 18 mV shift after 

10000 cycle  

68.(10Co‐N@DCNF 

Angew. Chem. In. Ed.- 

2020) 

32 0.83 6.36 -E1/2
 shift by 10 mV after 5000 

cycle  

-5 % current decay over 8.3 hr at 

0.6 V vs RHE 

70.(CAN‐Pc(Fe/Co), 

Angewandte- 2019) 

33 0.84 5.23 -25.4% current decay over 3.3 hr 

at 0.85 V vs RHE 

71.(Cu-based SACs, J. 

Mater. Chem. A-2019) 

34 0.81  5.8*  -3.5% current decay over 16 

min. 
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-E1/2
 shift by 9 mV shift after 

5000 cycles 

72.(mesoporous,3D-Co–

N–C, J. Mater. Chem. A- 

2018) 

35 0.83 5.9* -E1/2
 shift by 22 mV after 5000 

cycles 

54. (Co-doped with N 

and S, J. Mater. Chem. 

A- 2017) 

11 0.837 5.35* - E1/2
 shift by 5 mV after 2000 

cycle test (55 mV E1/2
 shift for 

Pt/C) 

-8.1 % current decay over 24 hr 

at 0.8 V vs RHE 

73. (AgPdPt Nanotubes, 

ACS Appl. Nano 

Mater.- 2019) 

36 0.90 5.2 -E1/2
 shift by 11 mV after 5000 

cycle 

-21.5% current decay over 5 hr 

at 0.5V (Pt/C 6% decrease in 

current and, > 11 mV shift in 

E1/2) 

77. (Fe
3
C-Encapsulated 

Fe–N-Doped Carbon,  

Langmuir - 2018) 

37 0.805 5.6@0.275 -E1/2
 shift by 5 mV shift after 

10000 cycle 

-8.3% current decay over 5.5 hr 

test (For Pt/C 72 mV 30% i li 

decrease.) 

30. (Cobalt-N Co-doped 

carbon, Applied catalysis 

B; Environmental -2016) 

8 0.83 N/A -E1/2
 shift by 3 mV after 5000 

cycle (24 mV for Pt/C) 

45. (Co-N-doped carbon, 

Chemelectrochem-2018) 

17 N/A N/A -E1/2
 shift by 18 mV after 3000 

cycle (45mV for Pt/C) 

https://www.sciencedirect.com/science/article/abs/pii/S0926337316302636
https://www.sciencedirect.com/science/article/abs/pii/S0926337316302636
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Tafel slope Analysis: 

Figure S2.6: Shows the Tafel slopes in the region in the low potential region above -0.150 V 

are 0.110 and 0.098 V/decade for Pt/C and N’-GUITAR/KB, respectively. These are shown 

below with GUITAR/KB (0.138 V/decade). 

  

 Figure S2.6: Tafel slopes for GUITAR/KB, N’-GUITAR/KB, and Pt/C. Slopes were 

calculated from ORR RDE LSV recorded at 1600rpm and 5 mV/sec, as shown in Figure 2.4A. 
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Number of electron transfer (n) studies for GUITAR/KB and Pt/C:  

The number of electron transfer during ORR was estimated from rotating disk electrode linear 

sweep voltammetry (RDE-LSV) at 5 mV/sec in 0.1M KOH. From the slope of Koutecky-

Levich (K-L) plots, n = 2.6 to 2.8 for GUITAR/KB and n = 3.6 to 3.7 (Figure S2.7, Equation 

4 manuscript) for Pt/C within the potential range of -0.4 V to -0.7 V.  

Figure S2.7: (A) Background corrected RDE-LSV in O2 saturated 0.1 M KOH at 5 mV/sec 

at different rotation speeds with GUITAR/KB. (B) K-L plot for GUITAR/KB. 

 

Figure S2.8: (A) Background corrected RDE-LSV in O2 saturated 0.1 M KOH at 5 mV/sec 

at different rotation speeds (rpm-rotations per minute) with Pt/C. (B) K-L plot for Pt/C.  



53 

 

References: 

(1)  Voiry, D.; Chhowalla, M.; Gogotsi, Y.; Kotov, N. A.; Li, Y.; Penner, R. M.; Schaak, 

R. E.; Weiss, P. S. Best Practices for Reporting Electrocatalytic Performance of Nanomaterials. 

ACS Nano 2018, 12 (10), 9635–9638. https://doi.org/10.1021/acsnano.8b07700. 

(2)  Garsany, Y.; Baturina, O. A.; Swider-Lyons, K. E.; Kocha, S. S. Experimental Methods 

for Quantifying the Activity of Platinum Electrocatalysts for the Oxygen Reduction Reaction. 

Anal. Chem. 2010, 82 (15), 6321–6328. https://doi.org/10.1021/ac100306c. 

(3)  Łukaszewski, M. Electrochemical Methods of Real Surface Area Determination of 

Noble Metal Electrodes – an Overview. 2016. https://doi.org/10.20964/2016.06.71. 

(4)  Begum, H.; Kim, Y.-B. Improvement of Catalytic Activity of Platinum Nanoparticles 

Decorated Carbon Graphene Composite on Oxygen Electroreduction for Fuel Cells. Processes 

2019, 7 (9), 586. https://doi.org/10.3390/pr7090586. 

(5)  Lim, B.; Jiang, M.; Camargo, P. H. C.; Cho, E. C.; Tao, J.; Lu, X.; Zhu, Y.; Xia, Y. Pd-

Pt Bimetallic Nanodendrites with High Activity for Oxygen Reduction. Science 2009, 324 

(5932), 1302–1305. https://doi.org/10.1126/science.1170377. 

(6)  Panomsuwan, G.; Saito, N.; Ishizaki, T. Nitrogen-Doped Carbon Nanoparticle–Carbon 

Nanofiber Composite as an Efficient Metal-Free Cathode Catalyst for Oxygen Reduction 

Reaction. ACS Appl. Mater. Interfaces 2016, 8 (11), 6962–6971. 

https://doi.org/10.1021/acsami.5b10493. 

(7)  Men, B.; Sun, Y.; Liu, J.; Tang, Y.; Chen, Y.; Wan, P.; Pan, J. Synergistically Enhanced 

Electrocatalytic Activity of Sandwich-like N-Doped Graphene/Carbon Nanosheets Decorated 

by Fe and S for Oxygen Reduction Reaction. ACS Appl. Mater. Interfaces 2016, 8 (30), 19533–

19541. https://doi.org/10.1021/acsami.6b06329. 

(8)  Sun, T.; Xu, L.; Li, S.; Chai, W.; Huang, Y.; Yan, Y.; Chen, J. Cobalt-Nitrogen-Doped 

Ordered Macro-/Mesoporous Carbon for Highly Efficient Oxygen Reduction Reaction. 

Applied Catalysis B: Environmental 2016, 193, 1–8. 

https://doi.org/10.1016/j.apcatb.2016.04.006. 



54 

 

(9)  Lv, Y.; Yang, L.; Cao, D. Nitrogen and Fluorine-Codoped Porous Carbons as Efficient 

Metal-Free Electrocatalysts for Oxygen Reduction Reaction in Fuel Cells. ACS Appl. Mater. 

Interfaces 2017, 9 (38), 32859–32867. https://doi.org/10.1021/acsami.7b11371. 

(10)  Zhong, H.; Zhang, S.; Jiang, J.; Li, D.; Tang, P.; Alonso‐Vante, N.; Feng, Y. Improved 

Electrocatalytic Performance of Tailored Metal-Free Nitrogen-Doped Ordered Mesoporous 

Carbons for the Oxygen Reduction Reaction. ChemElectroChem 2018, 5 (14), 1899–1904. 

https://doi.org/10.1002/celc.201700910. 

(11)  Wang, Z.; Peng, S.; Hu, Y.; Li, L.; Yan, T.; Yang, G.; Ji, D.; Srinivasan, M.; Pan, Z.; 

Ramakrishna, S. Cobalt Nanoparticles Encapsulated in Carbon Nanotube-Grafted Nitrogen 

and Sulfur Co-Doped Multichannel Carbon Fibers as Efficient Bifunctional Oxygen 

Electrocatalysts. J. Mater. Chem. A 2017, 5 (10), 4949–4961. 

https://doi.org/10.1039/C6TA10291C. 

(12)  Qin, L.; Yuan, Y.; Wei, W.; Lv, W.; Niu, S.; He, Y.-B.; Zhai, D.; Kang, F.; Kim, J.-K.; 

Yang, Q.-H.; Lu, J. Graphene-Directed Formation of a Nitrogen-Doped Porous Carbon Sheet 

with High Catalytic Performance for the Oxygen Reduction Reaction. J. Phys. Chem. C 2018, 

122 (25), 13508–13514. https://doi.org/10.1021/acs.jpcc.7b12327. 

(13)  Wei, W.; Ge, H.; Huang, L.; Kuang, M.; Al-Enizi, A. M.; Zhang, L.; Zheng, G. 

Hierarchically Tubular Nitrogen-Doped Carbon Structures for the Oxygen Reduction 

Reaction. J. Mater. Chem. A 2017, 5 (26), 13634–13638. 

https://doi.org/10.1039/C7TA02658G. 

(14)  Huang, X.; Yin, X.; Yu, X.; Tian, J.; Wu, W. Preparation of Nitrogen-Doped Carbon 

Materials Based on Polyaniline Fiber and Their Oxygen Reduction Properties. Colloids and 

Surfaces A: Physicochemical and Engineering Aspects 2018, 539, 163–170. 

https://doi.org/10.1016/j.colsurfa.2017.12.024. 

(15)  Thanh, T. D.; Chuong, N. D.; Hien, H. V.; Kim, N. H.; Lee, J. H. CuAg@Ag Core–

Shell Nanostructure Encapsulated by N-Doped Graphene as a High-Performance Catalyst for 

Oxygen Reduction Reaction. ACS Appl. Mater. Interfaces 2018, 10 (5), 4672–4681. 

https://doi.org/10.1021/acsami.7b16294. 



55 

 

(16)  Sun, X.; Song, P.; Zhang, Y.; Liu, C.; Xu, W.; Xing, W. A Class of High Performance 

Metal-Free Oxygen Reduction Electrocatalysts Based on Cheap Carbon Blacks. Scientific 

Reports 2013, 3, 2505. https://doi.org/10.1038/srep02505. 

(17)  Han, H.; Chao, S.; Bai, Z.; Wang, X.; Yang, X.; Qiao, J.; Chen, Z.; Yang, L. Metal-

Organic-Framework-Derived Co Nanoparticles Deposited on N-Doped Bimodal Mesoporous 

Carbon Nanorods as Efficient Bifunctional Catalysts for Rechargeable Zinc−Air Batteries. 

ChemElectroChem 2018, 5 (14), 1868–1873. https://doi.org/10.1002/celc.201701289. 

(18)  Yang, F.; Abadia, M.; Chen, C.; Wang, W.; Li, L.; Zhang, L.; Rogero, C.; Chuvilin, 

A.; Knez, M. Design of Active and Stable Oxygen Reduction Reaction Catalysts by 

Embedding CoxOynanoparticles into Nitrogen-Doped Carbon. Nano Res. 2017, 10 (1), 97–

107. https://doi.org/10.1007/s12274-016-1269-5. 

(19)  Chen, R.; Yan, J.; Liu, Y.; Li, J. Three-Dimensional Nitrogen-Doped Graphene/MnO 

Nanoparticle Hybrids as a High-Performance Catalyst for Oxygen Reduction Reaction. J. 

Phys. Chem. C 2015, 119 (15), 8032–8037. https://doi.org/10.1021/acs.jpcc.5b00306. 

(20)  Li, X.; Guan, B. Y.; Gao, S.; Lou, X. W. (David). A General Dual-Templating 

Approach to Biomass-Derived Hierarchically Porous Heteroatom-Doped Carbon Materials for 

Enhanced Electrocatalytic Oxygen Reduction. Energy Environ. Sci. 2019, 12 (2), 648–655. 

https://doi.org/10.1039/C8EE02779J. 

(21)  Xue, L.; Li, Y.; Liu, X.; Liu, Q.; Shang, J.; Duan, H.; Dai, L.; Shui, J. Zigzag Carbon 

as Efficient and Stable Oxygen Reduction Electrocatalyst for Proton Exchange Membrane Fuel 

Cells. Nature Communications 2018, 9 (1), 3819. https://doi.org/10.1038/s41467-018-06279-

x. 

(22)  Zhang, P.; Sun, F.; Xiang, Z.; Shen, Z.; Yun, J.; Cao, D. ZIF-Derived in Situ Nitrogen-

Doped Porous Carbons as Efficient Metal-Free Electrocatalysts for Oxygen Reduction 

Reaction. Energy Environ. Sci. 2013, 7 (1), 442–450. https://doi.org/10.1039/C3EE42799D. 

(23)  Sathiskumar, C.; Ramakrishnan, S.; Vinothkannan, M.; Karthikeyan, S.; Yoo, D. J.; 

Rhan Kim, A. Nitrogen-Doped Porous Carbon Derived from Biomass Used as Trifunctional 



56 

 

Electrocatalyst toward Oxygen Reduction, Oxygen Evolution and Hydrogen Evolution 

Reactions. Nanomaterials (Basel) 2019, 10 (1). https://doi.org/10.3390/nano10010076. 

(24)  Gao, R.; Dai, Q.; Du, F.; Yan, D.; Dai, L. C60-Adsorbed Single-Walled Carbon 

Nanotubes as Metal-Free, PH-Universal, and Multifunctional Catalysts for Oxygen Reduction, 

Oxygen Evolution, and Hydrogen Evolution. J. Am. Chem. Soc. 2019, 141 (29), 11658–11666. 

https://doi.org/10.1021/jacs.9b05006. 

(25)  Han, L.; Cui, X.; Liu, Y.; Han, G.; Wu, X.; Xu, C. (Charles); Li, B. Nitrogen and 

Phosphorus Modification to Enhance the Catalytic Activity of Biomass-Derived Carbon 

toward the Oxygen Reduction Reaction. Sustainable Energy Fuels 2020, 4 (6), 2707–2717. 

https://doi.org/10.1039/C9SE00985J. 

(26)  Yang, H. B.; Miao, J.; Hung, S.-F.; Chen, J.; Tao, H. B.; Wang, X.; Zhang, L.; Chen, 

R.; Gao, J.; Chen, H. M.; Dai, L.; Liu, B. Identification of Catalytic Sites for Oxygen Reduction 

and Oxygen Evolution in N-Doped Graphene Materials: Development of Highly Efficient 

Metal-Free Bifunctional Electrocatalyst. Sci Adv 2016, 2 (4), e1501122. 

https://doi.org/10.1126/sciadv.1501122. 

(27)  Dumont, J. H.; Martinez, U.; Artyushkova, K.; Purdy, G. M.; Dattelbaum, A. M.; 

Zelenay, P.; Mohite, A.; Atanassov, P.; Gupta, G. Nitrogen-Doped Graphene Oxide 

Electrocatalysts for the Oxygen Reduction Reaction. ACS Appl. Nano Mater. 2019, 2 (3), 

1675–1682. https://doi.org/10.1021/acsanm.8b02235. 

(28)  Liang, H.-W.; Wu, Z.-Y.; Chen, L.-F.; Li, C.; Yu, S.-H. Bacterial Cellulose Derived 

Nitrogen-Doped Carbon Nanofiber Aerogel: An Efficient Metal-Free Oxygen Reduction 

Electrocatalyst for Zinc-Air Battery. Nano Energy 2015, 11, 366–376. 

https://doi.org/10.1016/j.nanoen.2014.11.008. 

(29)  Gao, J.; Wang, Y.; Wu, H.; Liu, X.; Wang, L.; Yu, Q.; Li, A.; Wang, H.; Song, C.; Gao, 

Z.; Peng, M.; Zhang, M.; Ma, N.; Wang, J.; Zhou, W.; Wang, G.; Yin, Z.; Ma, D. Construction 

of a Sp3/Sp2 Carbon Interface in 3D N-Doped Nanocarbons for the Oxygen Reduction 

Reaction. Angewandte Chemie International Edition 2019, 58 (42), 15089–15097. 

https://doi.org/10.1002/anie.201907915. 



57 

 

(30)  Liu, M.; Song, Y.; He, S.; Tjiu, W. W.; Pan, J.; Xia, Y.-Y.; Liu, T. Nitrogen-Doped 

Graphene Nanoribbons as Efficient Metal-Free Electrocatalysts for Oxygen Reduction. ACS 

Appl. Mater. Interfaces 2014, 6 (6), 4214–4222. https://doi.org/10.1021/am405900r. 

(31)  Li, J.; Chen, S.; Yang, N.; Deng, M.; Ibraheem, S.; Deng, J.; Li, J.; Li, L.; Wei, Z. 

Ultrahigh-Loading Zinc Single-Atom Catalyst for Highly Efficient Oxygen Reduction in Both 

Acidic and Alkaline Media. Angewandte Chemie International Edition 2019, 58 (21), 7035–

7039. https://doi.org/10.1002/anie.201902109. 

(32)  Yang, Q.; Jia, Y.; Wei, F.; Zhuang, L.; Yang, D.; Liu, J.; Wang, X.; Lin, S.; Yuan, P.; 

Yao, X. Understanding the Activity of Co-N4−xCx in Atomic Metal Catalysts for Oxygen 

Reduction Catalysis. Angewandte Chemie 2020, 132 (15), 6178–6183. 

https://doi.org/10.1002/ange.202000324. 

(33)  Yang, S.; Yu, Y.; Dou, M.; Zhang, Z.; Dai, L.; Wang, F. Two-Dimensional Conjugated 

Aromatic Networks as High-Site-Density and Single-Atom Electrocatalysts for the Oxygen 

Reduction Reaction. Angewandte Chemie International Edition 2019, 58 (41), 14724–14730. 

https://doi.org/10.1002/anie.201908023. 

(34)  Cui, L.; Cui, L.; Li, Z.; Zhang, J.; Wang, H.; Lu, S.; Xiang, Y. A Copper Single-Atom 

Catalyst towards Efficient and Durable Oxygen Reduction for Fuel Cells. J. Mater. Chem. A 

2019, 7 (28), 16690–16695. https://doi.org/10.1039/C9TA03518D. 

(35)  Guo, C.; Li, Y.; Liao, W.; Liu, Y.; Li, Z.; Sun, L.; Chen, C.; Zhang, J.; Si, Y.; Li, L. 

Boosting the Oxygen Reduction Activity of a Three-Dimensional Network Co–N–C 

Electrocatalyst via Space-Confined Control of Nitrogen-Doping Efficiency and the Molecular-

Level Coordination Effect. J. Mater. Chem. A 2018, 6 (27), 13050–13061. 

https://doi.org/10.1039/C8TA03759K. 

(36)  Deng, Y.; Yin, S.; Liu, Y.; Lu, Y.; Cao, X.; Wang, L.; Wang, H.; Zhao, Y.; Gu, H. 

Mesoporous AgPdPt Nanotubes as Electrocatalysts for the Oxygen Reduction Reaction. ACS 

Appl. Nano Mater. 2019, 2 (4), 1876–1882. https://doi.org/10.1021/acsanm.8b02206. 



58 

 

(37)  Xin, X.; Qin, H.; Cong, H.-P.; Yu, S.-H. Templating Synthesis of Mesoporous Fe3C-

Encapsulated Fe–N-Doped Carbon Hollow Nanospindles for Electrocatalysis. Langmuir 2018, 

34 (17), 4952–4961. https://doi.org/10.1021/acs.langmuir.8b00548.



59 

 

Chapter 3:  “Electrochemical Aspects of a Nitrogen-Doped Pseudo-Graphitic Carbon 

Material: Resistance to Electrode Fouling by Air-Aging and Dopamine Electro-

oxidation,” Journal of Carbon Research 2020, 6(4), 68. 

 

3.1 Abstract 

The nitrogen-doped form of GUITAR (pseudo-Graphite from the University of Idaho 

Thermalized Asphalt Reaction) was examined by X-ray photoelectron, Raman, and X-ray 

diffraction spectroscopies and cyclic voltammetry (CV). Electrochemical studies indicate that 

N-GUITAR exhibits significant resistance to fouling by adsorption and by passivation. Unlike 

other carbon materials, it maintains fast heterogenous electron transfer (HET) kinetics with 

Fe(CN)6
3-/4- with exposure to air. The CV peak potential separation (Ep) of 66 mV increased 

to 69 mV in 3 hours vs. 67 to 221 mV for a highly oriented pyrolytic graphite (HOPG) 

electrode. Water contact angle measurements indicate that N-GUITAR was able to better 

maintain a hydrophilic state during the 3-hour exposure, going from 55.8 to 70.4° while 

HOPG increased from 63.8 to 80.1°. This indicates that N-GUITAR better-resisted adsorption 

of volatile organic compounds. CV studies of dopamine also indicate N-GUITAR is resistant 

to passivation. The Ep for the dopamine/o-dopaminoquinone couple is 83 mV indicating 

fast HET rates. This is reflected in the peak current ratios for the oxidation and reduction 

processes of 1.3, indicating that o-dopaminoquinone is not lost to passivation processes. This 

ratio, along with the minimal signal attenuation, is the best reported in the literature. 

Keywords: Adsorption; Dopamine; Electrode fouling; Electrode kinetics; Nitrogen doping; 

pseudo-Graphite 
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3.2 Introduction 

GUITAR (pseudo-Graphite from the University of Idaho Thermalized Asphalt Reaction) is a 

nanocrystalline graphite-like hydrogenated amorphous carbon (85% sp2 and 15% sp3 carbon) 

described in detail in recent publications 1–7.  It has morphological features similar to classical 

graphites but has divergent chemical and physical properties. Most prominent among these is 

that GUITAR has fast heterogeneous electron transfer (HET) rates at its basal plane. The 

defect-rich nature of GUITAR results in a high density of electronic states (DOS) near its 

Fermi-level. Graphitic materials have low DOS or are subject to air-aging; either effect creates 

sluggish HET kinetics 8–11. Another feature is the resistance to corrosion that surpasses 

graphitic materials by 3 orders of magnitude in corrosion currents, and surpasses the potential 

windows of graphitic materials by 1 V 1,2. In these aspects, it equals sp3 carbon electrodes. 

In summary, it has the best combination of fast HET and high corrosion resistance of any 

electrode 1. Recent studies have indicated that introduction of nitrogen impurities within the 

carbon lattice significantly increases DOS, thus improving HET rates 12–14.  This effect has 

been used to improve electrochemical sensor performance, oxygen reduction reaction (ORR) 

catalysts in fuel cells, batteries, and ultracapacitors 12. 

Electrode fouling is the process by which current signal attenuation occurs when sample 

matrix components undergo either passive adsorption or by redox processes which forms a 

polymeric film on the surface 11,15–18. Both create a barrier to electron transfer. Recent studies 

indicate that fouling process of highly oriented pyrolytic graphite electrodes (HOPG) when 

exposed to laboratory air is through adsorption of volatile organic compounds (VOC’s), which 

decrease HET rates with the Fe(CN)6
3-/4- redox probe 11,15. The important biologic analyte, 

dopamine, undergoes electron transfer that gives rise to a cascade of reactions that result in an 

insulating layer of polydopamine 18,19. There is a constant search for electrodes that exhibit 
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minimized fouling characteristics. Such materials will find eventual use in long-term sensors 

and implantable electrodes for in-vivo analyses and bionics 20–22. For this investigation, we 

synthesized, characterized, and examined nitrogen-doped GUITAR (N-GUITAR) electrodes 

for its HET rates, resistance to corrosion, and fouling by air-aging and with dopamine 

voltammetry. 

 

3.3 Methods and Materials 

Materials and Chemicals: The reagents consisted of N2(g) (>99.5 %, Oxarc, WA, USA), 

acetonitrile (Fisher Scientific, Fair Lawn, NJ, USA), dopamine hydrochloride (Sigma-Aldrich, 

St. Louis, MO, USA). Potassium monophosphate (99.6%), potassium diphosphate (99.8%), 

potassium chloride (99.7%) (Fisher Scientific, Waltham, NJ, USA), and potassium 

ferricyanide (Acros Organics, Morris Plains, NJ, USA). All were used as received. The quartz 

tube was obtained from Technical Glass Products, Inc. (Painesville Twp., OH, USA), cut into 

small wafers (~2cm x 0.5 cm), and used as a deposition substrate.  

Synthesis of nitrogen-doped pseudo-graphite (N-GUITAR): N-GUITAR samples were 

prepared via a chemical vapor deposition (CVD) method. This apparatus is shown in Figure 

3.1. The target substrate was loaded into a quartz boat, and the tube furnace was heated to 

900°C with N2 gas for 10 min prior to the addition of acetonitrile vapor. This system was sealed 

with ceramic wool to minimize air back flow. Deposition commenced by stopping the N2 flow 

and allowing the passage of acetonitrile vapor from a round bottom flask at >80 °C for 25 

minutes. The N2 flow was resumed, and the tube furnace was cooled to room temperature 

before coated samples were removed. 
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Figure 3.1. Schematic for the synthesis of N-doped pseudo-graphite using a modified CVD 

technique. 

Scanning electron microscopy (SEM): These images were recorded with a FEI Teneo field 

emission microscope operating at an accelerating voltage of 2 kV, a spot size of 25-50 pA, 

with a secondary electron detector. Peeled HOPG thin sheet, GUITAR, and N-GUITAR flakes 

were attached to a mounting disk with double-sided carbon tape. 

X-ray photoelectron spectroscopy (XPS): Spectra were recorded at Oklahoma State 

University in a custom-built vacuum chamber with a base pressure of 5×10-9 torr. 

Measurements were acquired with the Al Kα emission line (1486.6 eV) and a hemispherical 

energy analyzer with a resolution of 25 meV. Spectra were acquired at room temperature. 

Deconvolved C1s and N1s XPS peaks were fitted to Gaussian curves with Shirley background 

subtraction and with the full width at half maximum kept constant. 

Raman: The Raman spectra were collected using a WITec™ alpha300 R Raman 

instrument (Germany), UHT-300 spectrometer with an Andor™ DU970N-BV CCD detector. 

The excitation source was a 532.5 nm, 100-mW frequency-doubled Nd:YAG laser. 

Powder X-ray diffraction (XRD): XRD was conducted on a Siemens D5000 

Diffractometer (Germany). The spectra were taken with Cu K-alpha radiation (0.154 nm) at 

40 kV, and 30 mA in the range of 2θ = 2-80° and step size of 0.05° at room temperature. 
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Water contact angle measurement (WCA): Contact angle measurements were conducted 

with a PG-2 Pocket Goniometer (Thwing-Albert) under ambient conditions in dynamic mode 

using the sessile water drop (4-9 µL) method on the carbon surfaces. Contact angle was 

measured by capturing images over a 6 second period using Pocket Goniometer v.3.3 software 

23. The GUITAR and N-GUITAR samples were prepared by peeling them from the quartz 

substrate using double-sided tape (GUITAR was removed all at once, leaving a bare substrate 

behind), and testing was done on the freshly exposed underside. The HOPG was prepared in a 

similar manner using double-sided tape (HOPG can be readily exfoliated a few layers at a 

time), and testing was carried out on the freshly exposed underside. Each measurement was 

carried out at 5 different spots at each time interval, and the values were averaged. 

Electrode fabrication and Electrochemistry: The GUITAR and N-GUITAR working 

electrodes were prepared as described in previous study 1. Freshly exfoliated HOPG electrode 

was prepared by using adhesive tape, copper tape was used as a current collector, and this 

surface was used within 30 seconds of cleavage. All electrochemical experiments were 

performed in an undivided three-electrode cell, with an Ag/AgCl (3 M KCl, aq) reference 

electrode and a graphite rod as a counter electrode. Electrochemical analyses were conducted 

with either a Bioanalytical Systems CV-50W (West Lafayette, IN, USA) or a Gamry 

Instruments 1000 (Warminster, PA, USA) potentiostat. All solutions were prepared using 

house deionized water with further purification through an activated carbon cartridge 

(Barnstead, model D8922, Dubuque, IA). The cyclic voltammograms were modeled for 

standard rate constants (k0) using Digisim 3.03b software (Bioanalytical Systems, Inc. West 

Lafayette, IN, USA). Dopamine oxidation peak current and peak separation values for 

literature was estimated by using graph grabber v2.0.2. 
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3.4 Results and Discussion 

3.4.1  X-ray Photoelectron Spectroscopy (XPS) Analysis:  

All XPS peak assignments are based on recent literature 24–27. The wide scan XPS of N-

GUITAR in Figure 3.2A reveals an atomic percentage of 86.4% C, 9.7% N, and 3.9% O based 

on the 284.1, 398.2, and 532.4 eV binding energy peaks, respectively. The based on 

deconvolved peaks the assignments for C1s (Figure 3.2B) peaks follow as 68.4% sp2 C (284.6 

eV), 21.1% sp3 (286.1 eV), 7.8% C-N and C=N (287.6 eV), 2.7% C=O and COOH (289.4 eV). 

The material of this investigation is in line with other CVD-grown nitrogen-doped carbon 

materials that have N atomic content from 1 to 16% 14,28–31. Also, the sp2/sp3 atomic ratio of 

this N-GUITAR is similar to undoped GUITAR in a previous investigation 1. The O1s peak 

(Figure 3.2C) deconvolves to 55.8% N-O and C-O (532.1 eV) and 44.2% N=O and C=O 

(533.0 3 eV). For the N species in the N1s peaks (Figure 3.2D) the assignments are 23.7% 

pyridinic N (398.2 eV), 60.5% graphitic N-center (400.98 eV), 11.8% graphitic N- valley 

(403.0 eV) and 4% N-oxides (405.3 eV).  
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Figure 3.2. XPS analysis of N-doped pseudo graphite with the respective peak assignments 

and abundances. (A) the wide scan spectrum. The C1s (B), O1s (C), and N1s (D) peak with 

deconvolved components. The N1s and O1s spectra are presented with the raw and smoothed 

data using the Savitzky-Golay method. The structures of the nitrogen species are shown at the 

bottom. 

 

3.4.2 Micrographs 

Figure 3.3 shows the visual and microscopic features of GUITAR and N-GUITAR. The flakes 

from both forms are undisguisable from each other and resemble high-quality graphite. From 
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the scanning electron micrographs (SEM), both a layered basal (BP) and edge plane (EP) 

morphology are evident. The thickness of the carbon films is 1.3-1.9 µm which increases with 

deposition time.  

 

Figure 3.3. Scanning electron micrographs (SEM) of GUITAR (A) and N-GUITAR (B) with 

photographs of the flakes in the upper left insets. Both materials exhibit layered morphologies 

with edge and basal planes. The lower left insets show the SEMs of edge planes in more detail. 

3.4.3 Raman Analysis 

Raman spectra of N-GUITAR, GUITAR, and HOPG are shown in Figure 3.4. The D-band is 

related to the structural defects, while the G-band describes the degree of graphitization 32. The 

HOPG spectrum is used as a reference standard for a low defect material. The GUITAR and 

N-GUITAR spectra indicate an upshift in the D-band to 1350 from 1340 cm-1 and downshift 

in G- band to 1566 from 1578 cm-1 after nitrogen doping. This is consistent with the trends 

observed in literature 33–35. The increase in ID/IG from 1.15 to 1.66 follows the trends observed 

in the literature, which indicates that more defects are introduced with N-doping 33. 
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Figure 3.4. Raman spectra for N-GUITAR, GUITAR, and HOPG taken with a 532 nm laser. 

 

3.4.4 X-ray Diffraction (XRD) Studies 

Figure 3.5 shows the XRD spectra of N-GUITAR, GUITAR, and HOPG. The GUITAR XRD 

spectra are consistent with previous publications 1. N-GUITAR shows a basal reflection (002) 

peak at 2θ = 26.1°, which is intermediate of GUITAR and HOPG (25.4° and 26.65°, 

respectively). The d-spacing, or average interlayer distance, for N-GUITAR, was found to be 

341 pm, smaller than that of GUITAR (350 pm) but larger than that of HOPG (334 pm). The 

d-spacing was calculated from Bragg’s law, nλ = 2dsin(θ), where n = 1 and λ is the X-ray 

wavelength (0.154 nm). The average lateral grain size (La) for N-GUITAR and GUITAR were 

very similar, at 3.3 and 2.9 nm, respectively, making them both nano-crystalline. This is in 

contrast to HOPG, which will typically range from 30 nm to the low mm range, with the larger 

grain sizes indicating higher quality 36. The grain size is calculated from Scherrer’s law, La = 

Kλ/βcos(θ), where K = is the crystallite shape factor (1.84), β is the peak broadening at the half 
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maximum (FWHM), and θ is the Bragg angle 37. This indicates that there are no major 

structural differences between GUITAR and N-GUITAR.  

 

Figure 3.5. Powder XRD spectra of (A) N-GUITAR, (B) Pristine GUITAR, and (C) HOPG. 

 

3.4.5 Aqueous Potential Windows. 

The cyclic voltammograms of GUITAR and N-doped GUITAR in 1M H2SO4 at 50 mV/s are 

presented in Figure 3.6. Based on the cathodic and anodic limits at 200 µA/cm2 the potential 

windows for GUITAR and N-doped GUITAR are 3.0 and 2.7 V, respectively. A decrease in 

potential window is commonly observed in N-doped materials when compared with their 

corresponding undoped analogs 38. This is attributed to faster heterogeneous electron transfer 

kinetics of the N-doped carbon for hydrogen and oxygen evolution 38,39. However, both N-

GUITAR and GUITAR have aqueous potential windows that are 1 V greater than sp2-

hybridized carbon electrodes and match amorphous carbon (a-C) and boron-doped diamond 

(BDD) materials in this aspect 2,40. Literature trends suggest that increasing sp3-C content 

increases the potential window; however, at the cost of lowering the HET rate with the 

Fe(CN)6
4-/3- redox probe 1,41. The GUITAR electrode counters this trend with a wide potential 

window and fast HET kinetics 1. 
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Figure 3.6 Cyclic voltammetric behavior of GUITAR (dashed line) and N-doped GUITAR 

(solid line) in 1 M H2SO4 taken at 50 mV/s. The starting potential for both anodic (right) and 

cathodic (left) sweeps is 0.0 V. The 200 µA/cm2 potential limits are indicted with black dots, 

and the potential windows are listed in the table inset. 

 

3.4.6 Tafel Corrosion Studies 

Tafel polarization measurements were carried out in Ar saturated 1.0 M H2SO4 using a single 

compartment 1.0 L volume cell under vigorously stirred conditions (see Figure 3.7). The 

working electrodes were allowed to equilibrate in electrolyte solutions for ≥ 1 hour to attain an 

equilibrium prior to the start of polarization. The working electrodes were scanned from -0.5 

to +0.5 V vs. Ag/AgCl at a scan rate of 1 mV/s. Corrosion current (icorr) and corrosion potential 

(Ecorr) were estimated by extrapolations of the respective Tafel plots1. The average icorr of N-

GUITAR is 7.3×10-9 ± 3.2×10-9 A/cm2, a very similar anodic stability to GUITAR (2.07 ×10-

9 ± 0.7×10-9 A/cm2). This is three orders of magnitude lower than a graphite rod (1.82×10-6 ± 

1.06×10-6 A/cm2), which falls into the typical range of other sp2-C electrodes 1,42,43. It is 

significant that both N-GUITAR and its undoped counterpart have anodic stability in the range 

of a-C and BDD electrodes (icorr typically ranging from 10-9 to 10-8 A/cm2) 44,45. The corrosion 

resistance of GUITAR is based on lack of electrolyte intercalation through interplanar, and 
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basal plane defects 2,46,47. The N-doped form apparently maintains this feature. The anodic limit 

of Figure 3.6 indicates that there is no intercalation of electrolyte through the BP of either 

GUITAR or N-GUITAR 2. 

 

Figure 3.7. Tafel Plots with extrapolated corrosion currents (icorr, A/cm2) were indicated for 

each. The average and one standard deviation interval (n = 3) are reported for electrode 

material. 

 

3.4.7 Heterogeneous Electron Transfer (HET) characteristics of N-GUITAR with 

Fe(CN)6
3−/4− 

The Fe(CN)6
3−/4− species is a common probe for measuring HET rates across the electrode-

electrolyte interface. It is considered an inner-sphere redox couple and is strongly influenced 

by the density of electronic states (DOS) near the Fermi level, adsorbed contaminants, and 

surface chemistry 48–50. With graphitic materials, there is a clear difference in Fe(CN)6
3−/4− HET 

rates between basal (BP) and edge planes (EP). The standard rate constant (k0) for the EP and 

BP range from 10-5 to 10-1 and from 10-10 to 10-6 cm s-1, respectively 2,51. Sluggish HET kinetics 

of graphitic materials at the BP is attributed to low DOS near the Fermi-level or from aging in 

laboratory air which creates an adsorbed layer of volatile organic compounds 9–11,52. Figure 3.8 
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shows the CV recorded for 1 mM Fe(CN)6
3−/4−  in 0.1 M KCl at 50 mV/sec. Basal plane 

GUITAR electrodes are unusual in that there is a fast calculated k0 of 1.2 x 10-2 cm/s and 1.6 

x 10-2 cm/s for N-GUITAR 1,2. This lies in the upper range of other N-doped and undoped 

carbon electrodes (1.02 x 10-4 to- 1.5 x 10-2cm/s) 39,40,53,54. Both materials have fast HET 

kinetics due to the rich density of structural defects, which increase DOS 55. 

3.4.8 N-GUITAR is Resistant to Air-Aging 

Several investigators have examined the air-aging effects of HOPG with the Fe (CN)6
3−/4− 

probe 2,11,15,56. Unwin et al. have examined freshly cleaved surfaces of HOPG electrodes which 

have a CV peak separation (ΔEp) of 58 mV. After 3 hours of exposure to air, that surface 

exhibited a decrease in HET rates with a ΔEp of 450 mV 11. Liu et al. also conducted a study 

of HOPG air aging. By storing their electrodes at -15° C, they were able to slow the aging 

effect. The ΔEp increased at a slower rate from 59 mV on a fresh surface to 95 mV at 8 hours 

15. Compton and coworkers show that ΔEp increases from 227 to 596mV at 2 hours 56. A recent 

body of literature indicates that this effect is from the adsorption of volatile organic compounds 

(VOCs) onto the surface of HOPG, which creates a barrier to HET. Ellipsometry indicates that 

this layer is about 0.6 nm thick 15. Water droplet contact angle (WCA) measurements also 

support the adsorption hypothesis. Generally, other investigators have found that HOPG and 

graphene surfaces become more hydrophobic with exposure time, increasing in contact angle 

from 59-70°to 90-95° 15,16,57,58.  

In this investigation, a freshly cleaved surface of HOPG gave Fe(CN)6
3−/4− ΔEp of 67 mV 

with a standard deviation of 4 mV over three measurements at 50 mV/s. The ΔEp increases to 

165 ± 60 and 221 ± 30 mV at the 1- and 3-hour intervals, respectively (Figure 3.8C). This trend 

follows literature observations. During that interval, the WCA increased from 63.8° ± 5.2° to 

80.1° ± 10.8°, again matching literature trends. GUITAR electrodes (Figure 3.8B) gave 
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increases in ΔEp from 71 ± 2 to 102 ± 5 mV and WCA from 62.6° ± 5.5° to 78.4° ± 7.2° from 

the 0 to 3-hour time interval. These CV trends match that of a previous investigation. 2 A 

demonstrates that N-GUITAR is the most resistant to air-aging effects when compared to 

literature and GUITAR. The CV exhibited a minimal increase from 66 ± 5 to 69 ± 3 mV for 

ΔEp from the fresh surface to 3 hours of air exposure. The change in WCA for N-GUITAR 

again exhibited a minimal increase from 55.8° ± 7.1° to 70.4° ± 5.0° after aging. No other 

material has been observed in the literature that has such resistance to air-aging. This 

remarkable property indicates excellent prospects for durable electrochemical sensors 4–7,59. 

 

Figure 3.8 Cyclic Voltammetric (CV) studies for the N-GUITAR (A), GUITAR (B), and 

(HOPG) electrode with 1 mM Fe (CN)6
3−/4− in 0.1 M KCl at 50 mV/sec. CV was recorded in 

the freshly exfoliated surface at 0, 1, and 3 hours of air exposure (n=3). Water contact angle 

measurement (WCA) on N-GUITAR, GUITAR, and HOPG are also shown on their 

respective positions. WCA measurements were also carried out on freshly exfoliated surfaces 

at 0, 1, and 3 hrs of air exposure. 

 

3.4.9 N-doped GUITAR is Tolerant to Dopamine Fouling because of Fast HET Kinetics. 

Figure 3.9A shows the CV response of N-GUITAR at relatively high (1mM) and low 

concentration (1µM) of dopamine (DA) in 0.1 M phosphate buffer (pH 7.0). The CV waves 



73 

 

are assigned the process seen in step 1. The ΔEp for 1 mM DA (CV wave seen in Figure 3.9A) 

is 85 mV at 100 mV/s. Decreasing ΔEp is associated with faster HET rates 19. This is the 

narrowest ΔEp for DA reported in the literature, with the exception of EP-pyrolytic graphite 

with 59 mV 17. The ΔEp for GUITAR is 174 mV. Generally, ΔEp varies from 100 to 350 mV 

for most carbon electrodes 17,19.  

Due to their biocompatibility and chemical inertness, carbon electrodes are favored for in-

vivo voltammetric detection of dopamine 60. However, they are highly susceptible to fouling 

from the dopamine polymerization process described in the introduction and the scheme seen 

in Figure 10. Generally, carbon electrodes tend to lose 20 to 75% of CV current signal after 10 

cycles with 1 mM DA 17,19. Figure 3.9B plots the peak current with each CV cycle for three 

trial runs. One standard deviation error bar is expressed with each point. For N-GUITAR at 1 

µM DA, there is no loss of peak current over 10 CV cycles. At the higher concentration of 1 

mM, there is a 10% loss in peak current. The GUITAR electrode experienced a 25% loss in 

peak current which is in the range of other carbon materials 17,19. By maintaining the DA peak 

current, it is apparent that the N-GUITAR surface provides less favorable conditions for the 

formation of polydopamine. 

 



74 

 

 
Figure 3.9 (A) 10 CV cycles recorded in 1 mM and (inset) 1 µM dopamine in 0.1 M phosphate 

buffer system (PBS) at pH 7.0 at 100 mV/sec for N-GUITAR electrode. (B) A plot of relative 

oxidative peak current density vs. number of CV runs. The one standard deviation interval for 

three CV runs are shown with each data point. 

The reaction scheme for electrode fouling is shown below in Figure 3.10. The CV waves 

of Figure 3.9A are associated with DA and its oxidized product, o-dopaminoquinone (Step 1). 

It is the latter that undergoes processes with further electro-oxidation that result in electrode 

fouling through Steps 2-4 19,22. The fraction of o-dopaminoquinone that contributes to fouling 

can be described by the ratio of CV peak anodic and cathodic currents, ip,a/ip,c. A quantity close 

to one is associated with a lower fraction of o-dopaminoquinone, contributing to Steps 2-4. 

Higher values of ip,a/ip,c indicate that the electrode fouling processes are more facile.   
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Figure 3.10. Reaction scheme for electrode fouling by electrochemical dopamine oxidation 
17,61. Step 1) The electrode oxidation and reduction assigned to the cyclic voltammetric (CV) 

waves of Figure 3.9A. Steps 2-4 are the spontaneous series of reactions that result in the 

formation of the insulating layer of melanin-like polydopamine. 

For the N-GUITAR electrode, the ip,a/ip,c ratio is 1.3, and this is the lowest value reported 

in the literature. For GUITAR, this value is 1.7. This indicates that o-dopaminoquinone is least 

likely to contribute to fouling using the N-GUITAR material. Figure 3.11 illustrates the 

performance of N-GUITAR with literature. A plot of ip,a/ip,c vs. ΔEp for DA is shown in Figure 

3.11A with a clear trend of fast HET rates associated with a lower ip,a/ip,c ratio. Rapid 

consumption of o-dopaminoquinone reduces the probability of electrode fouling by Steps 2-4. 

This effect may be attributed to the HET rate for o-dopaminoquinone reduction back to DA 

(inverse Step 1). Figure 3.11B illustrates that low ip,a/ip,c is associated with less ip, a signal loss 

over 10 CV cycles. Fast HET rates with a variety of redox species on GUITAR electrodes have 

been discussed in previous publications[2,4,7,57]. This effect is associated with a high DOS 
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arising from structural defects. It is apparent that this effect is enhanced by nitrogen doping 

GUITAR. 

 
Figure 3.11.The cyclic voltammetric trends regarding HET kinetics of Step 1 in Figure 10. N-

GUITAR and GUITAR, as well as literature data, were recorded in 1 mM DA at pH 7 

phosphate buffer solutions 17–19. The ip,a/ip,c ratio indicates the reversibility of Step 1 and 

electrode fouling through loss of ip, a. (A) plot of ip,a/ip,c vs. Δ Ep for N-GUITAR, GUITAR, 

and literature carbon. It is clear that a trend forms with fast HET kinetics (narrow Ep) and 

lower ip,a/ip,c. (B) Electrode fouling through ip,a loss vs. ip,a/ip,c. The trends are in the shaded 

region and show that N-GUITAR has the fastest HET rate (A) with the least amount of 

electrode fouling (B). 
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3.5 Conclusions 

The N-GUITAR material maintains the features of GUITAR electrodes, e.g., fast HET 

rates, wide aqueous potential window, and resistance to corrosion. However, it deviates from 

GUITAR in that it exhibits more resistance to fouling than GUITAR and other carbon 

electrodes. The two studies representing the predominant mechanisms of fouling; physical 

adsorption, and polymerization of matrix components were both observed to be less severe on 

the surface of N-GUITAR over GUITAR and literature carbon electrodes. In air-aging studies, 

the WCA measurements indicate that N-GUITAR is less susceptible to VOC physical 

adsorption than GUITAR or other literature carbon electrodes. In fouling by DA electro-

oxidation, N-GUITAR also shows less susceptibility than GUITAR or literature carbons. This 

is mainly attributed to fast HET kinetics for the DA/o-dopaminoquinone redox couple on the 

N-GUITAR electrode. The combination of fast HET and resistance to signal attenuation 

indicates much promise for N-GUITAR electrodes for DA sensing. 
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Chapter 4: “An Oxygen Reduction Reaction Electrocatalyst Tuned for Hydrogen 

Peroxide Generation Based on a Pseudo-Graphite Doped with Graphitic Nitrogen”. 

(To be Submitted) 

 

4.1 Abstract 

The carbon material GUITAR (pseudo-graphite from the University of Idaho thermolyzed 

asphalt reaction) can be doped with nitrogen in two prevalent forms. In a previous study, N’-

GUITAR had a predominance of pyridinic and pyrrolic moieties with no graphitic nitrogen. In 

this study, N-GUITAR contains a 9.7% N atomic abundance, with that fraction consisting of 

72.3 % graphitic, 23.7% pyridinic, and 0% pyrrolic nitrogen. The two materials allow for the 

examination of hypotheses regarding the importance of the three different nitrogen moieties in 

the oxygen reduction reaction (ORR). In the previous investigation, the lack of graphitic 

nitrogen of N’-GUITAR gave a preferred pathway of 4e- ORR to H2O. In this investigation, 

N-GUITAR gave a 2e- ORR pathway to H2O2. This was elucidated by current efficiency and 

hydrodynamic voltammetry studies. The high predominance of graphitic nitrogen confirms the 

hypothesis regarding 2 vs. 4e- ORR pathways with N-doped carbon materials.  N-GUITAR 

was also evaluated for parasitic pathways for H2O2 production. At -0.95 V vs Ag/AgCl the 

current efficiency for H2O2 is 96% in 0.05 M Na2SO4 with a production rate of 4.9 mg cm-2 hr-

1. This indicates possibilities for water purification and treatment applications, which require 

10 to 250 mg/L depending on conditions. 

Keywords: Hydrogen Peroxide, Oxygen Reduction Reaction 
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4.2 Introduction 

Hydrogen peroxide (H2O2) is a relatively eco-friendly and widely used oxidant in the water 

purification, chemical, and medical industries.1,2 It is a greener oxidizing agent than chlorine 

in that it leaves no halogenated by-products such as trihalomethanes and haloacetic acids and 

is effective over a wider pH range.3,4 A partial barrier to wider implementation is that the 

predominant method of H2O2 production, the anthraquinone process, is highly energy-intensive 

and requires large quantities of extraction solvents.2,3 Furthermore, transportation issues also 

hinder its widespread application in water treatment. Onsite generation through the 

electrochemical process offers minimization of environmental impact as it can be conducted 

under aqueous and ambient conditions with no hazardous materials or waste.5-7 This process 

proceeds by a 2e- electrochemical process outlined in Equation 1. 

(1) O2 + 2H+ + 2e- → H2O2   E0 = 0.695 V, E0’ (pH 7) = 0.282 V 

The challenges in the electrochemical production of H2O2 are improving slow kinetics and 

minimizing competing reactions. Slow electrode kinetics gives significant overpotentials for 

Equation 1 that require electrode potentials from -0.5 to -1.5 V vs Ag/AgCl.8-9 At these 

potentials, three other parasitic electrochemical reactions are possible. These include the 4e- 

oxygen reduction reactions (ORR) to water (Equation 2), the hydrogen evolution reaction 

(HER, Equation 3), and the 2e- reduction of H2O2 to H2O (Equation 4).8-10  

(2) O2 + 4H+ + 4e- → 2H2O  E0 = 1.23 V, E0’ (pH 7) = 0.817 V 

(3) 2H+ + 2e- → H2   E0 = 0.00, E0’ (pH 7) = -0.413 V 

(4) H2O2 + 2H+ + 2e- → 2H2O E0 = 1.763 V, E0’ (pH 7) = 1.35 V 
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It is therefore incumbent that any electrocatalyst for Equation 1 must be selective for this 

process. This has been noted by several investigators.9,11 For this contribution, we demonstrate 

an electrocatalyst that is preferential for the reaction in Equation 1 based on GUITAR (graphite 

from the University of Idaho thermolyzed asphalt reaction). This carbon material consists of 

an 85/15 mole ratio of sp2/sp3 carbon with a crystallite grain size of 1.5 nm.12,13 The interlayer 

d-spacing of 350 pm is slightly expanded over graphite’s 335 pm. It is a pseudo-graphite in 

that it has visual and microscopic features that resemble graphite but has differing properties. 

Distinguishing characteristics over graphite and other carbon allotropes is that GUITAR has 

fast heterogeneous electron transfer (HET) kinetics with the Fe(CN)6
4-/3- probe at the basal and 

edge planes while maintaining excellent corrosion resistance.12-14 The 3-volt aqueous potential 

window is among the largest reported. GUITAR is grown using a chemical vapor deposition 

process, which allows the fabrication of electrodes ranging from the nano- to macro-sizes, 

depending on the substrate.12,15,16 

A significant consideration is the tunability of the electrocatalyst for performance and 

selectively between the reactions of Equations 1-4. Nitrogen doping of carbon materials is 

associated with the enhancement of electrocatalysis of ORR.17,18 This is attributed to the 

polarized C-N bond facilitating the adsorption of O2.
19,20 Predominate forms of N in sp2 carbon 

lattices are pyridinic, pyrrolic, N-oxides, and graphitic moieties shown in Figure 4.1.  

Figure 4.1. Nitrogen moieties in the graphite lattice. 
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In computational studies, graphitic N is hypothesized to drive the 2e- process of Equation 

1.21 However, experimental investigations have only been conducted on mixed nitrogen moiety 

carbon materials; therefore, definitive experimental evidence has yet to be gathered.21-23 

Pyridinic and pyrrolic moieties have been associated with the 4e- transfer ORR (Equation 2) 

useful in fuel cell applications.18 The N-oxide moiety is not associated with any specific ORR 

pathway. In a previous investigation, a specific nitrogen doping method led to a GUITAR 

variant with a 0.9% total nitrogen atomic abundance giving fractions of 0% graphitic N, 46.0% 

pyridinic, 41.3 % pyrrolic, and 12.4% N-oxide. This electrocatalyst, N’-GUITAR, proved to 

be durable and efficient for the 4e- transfer ORR to H2O.15 An alternative doping method 

produced a nitrogen-doped pseudo-graphite which contains 9.7% N.13 This material, called N-

GUITAR, contains 72.3% graphitic N, 23.7%, pyridinic, 0.0% pyrrolic, and 4.0% N-oxide.13 

It is noteworthy that GUITAR is the only known carbon material that can be selectively 

synthesized for predominantly pyridinic/pyrrolic or graphitic nitrogen moieties. This provides 

an opportunity to examine the role of these functionalities in the pathway outlined in Equations 

1 and 2. 

4.3 Methods and Materials 

4.3.1 Materials and Chemicals: 

 KFD graphite felt (SLG Carbon Company, St. Marys, PA, USA) was used as received. The 

reagents in this investigation were compressed Ar(g) and O2(g) (>99.5 %, Oxarc, WA, USA), 

soybean oil (Walmart), paraffin (Gulf Wax), sulfuric acid (96.3%, J.T Baker Chemical Co, 

Phillipsburg, NJ, USA). Potassium chloride was obtained from Fisher Scientific (Waltham, 

NJ, USA), and potassium ferricyanide was obtained from Acros Organics (Morris Plains, NJ, 

USA). Sodium sulfate (EMD Chemicals, Germany), 30% H2O2 (Fisher Scientific, Belgium), 
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and ethanol (99.5%, Pharmaco, CT, USA) were used without further purification. All aqueous 

solutions were prepared with deionized water passed through an activated carbon purification 

cartridge (Barnstead, model D8922, Dubuque, IA). 

4.3.2 Electrode Fabrication and Electrochemical Setup.   

N-GUITAR samples were synthesized as described in previous studies.13 Briefly, N-GUITAR 

films were prepared via a chemical vapor deposition (CVD) technique with a tube furnace at 

900°C using acetonitrile precursor. Quartz wafers, KFD graphite felts, and Ketjen black were 

used as a substrate. Working electrode areas were isolated as described in the previous study. 

(16) Complete wetting of the electrode was conducted by washing with isopropanol followed 

with deionized water prior to use.24  All electrochemical studies were conducted in a three-

electrode set up cell with Ag/AgCl/ 3M KCl reference electrode using either a Bioanalytical 

System CV-50 W (West Lafayette, IN, USA) or a Gamry Instruments Interface 1000 

potentiostat.  The cell design is shown in Figure 4.2. The cell consisted of anodic and cathodic 

chambers with a separator membrane composed of cellulose acetate on cellulose paper.25 This 

design allows for the formation of H2O2 via Reaction 1 without consumption at the anode 

through Reaction 4. 
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Figure 4.2 Electrochemical cell design for H2O2 generation. 

Hydrodynamic experiments were carried out with a Pine Instrument glassy carbon rotating 

electrode (RDE) (Grove City, PA, USA). For that study, N-GUITAR was deposited on Ketjen 

black particles and drop-cast onto the RDE disks. This follows a procedure developed in a 

previous investigation.15 

4.3.3 H2O2 Analysis 

This was conducted by a colorimetric method.26 Potassium titanium oxide oxalate dihydrate 

(Sigma-Aldrich) forms an aqueous complex with H2O2, which has an optical absorbance 

maximum at 400 nm. A Beer’s Law based calibration curve was established with H2O2 

(Pharmaco, CT, USA) standardized with KMnO4 (J.T Baker Chemical Co, Phillipsburg, NJ, 

USA) and sodium oxalate (Fisher Scientific, Waltham, NJ, USA). 
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4.4 Results and Discussion 

4.4.1 Formation of the Electrocatalyst and Surface Area.  

The N-GUITAR electrocatalyst was formed by CVD onto a KFD graphite felt substrate, as 

demonstrated in a previous study.13 SEM micrographs of bare KFD fiber and N-GUITAR/KFD 

are shown in Figure 4.3. The fiber diameter of KFD (7.4 ± 0.9µm (n=10)) is within the range 

reported in literature.16,27 Deposition of N-GUITAR increases this diameter to 10.0.4 ± 0.9µm 

(n=10). The surface area of 62.2 cm2 per cm2 of geometric area for N-GUITAR/KFD was 

calculated assuming the electrode comprises cylindrical fibers.16,24 This value agrees with 

cyclic voltammetric (CV) studies of Fe(CN) 6 
4-/3- using the Randles-Sevcik equation below 

where ip, n, A, C (1 × 10-6 mol/cm3), D (7.26×10−6 cm2/s) and n are peak current, number of 

electrons transferred, area, concentration, diffusion coefficient, and potential sweep rate, 

respectively.16  

(5)  ip = 268,600 n3/2AC√(D)   

The CV’s are shown in Figure 2A. A plot of ip vs. 1/2 in Figure 4.4B indicates semi-infinite 

linear diffusion, and the slope gives an electrochemically active surface area (ECSA) of 59.0 

cm2 per cm2 of geometric area. ECSA for GUITAR/KFD and bare KFD are 50.6 cm2 and 61.5 

cm2 per cm2 of geometric area, respectively.16 
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Figure 4.3. (A) Scanning electron micrographs (SEM) micrographs of as obtained KFD felt. 

(B) N-GUITAR coated KFD. The average diameter KFD fiber is 7.4± 0.9 µm (n=10) and for 

N-GUITAR/KFD is 10.0 ± 0.7 µm (n=10). These measurements were estimated with ImageJ 

software. 

 

Figure 4.4. (A) Cyclic voltammograms (CV) obtained at various scan rates of 1mM Fe(CN)6
3-

/4-
, 1 M KCl. (B) Cathodic peak current (ip) vs. square root of scan rate for the estimation of the 

electrochemically active surface area (ECSA) from the Randles-Sevcik equation. The best fit 

line indicates semi-infinite linear diffusion. 
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4.4.2 Cyclic Voltammetric Studies. 

The electrocatalysts were examined for ORR activity by cyclic voltammetry (CV) in 0.05M 

Na2SO4 at 50mV/sec under O2 and Ar purged conditions. These are shown in Figure 4.5. Under 

O2 purge, GUITAR/KFD exhibits two peak potentials (Ep’s) of -0.65 and -1.10 V.  Based on 

literature, this is an indication of the 2e- process ORR through Equation (1) and the subsequent 

consumption of H2O2 through the reaction of Equation 4.28,29,30 In case of N-GUITAR/KFD, 

there is only a single Ep at -0.77 V, which qualitatively indicates 2e- transfer giving H2O2 in 

the ORR of Equation 1 without the consumption of H2O2 through Equation 4, This will be 

examined in detail below. Also notable is the relatively large peak current (ip) of 7.0 mA/cm2 

at 50mV/sec, which is the highest reported in the literature (0.7- 4.5 mA/cm2).27-29,31 The ip 

based on ECSA is 0.12 mA/cm2. The CV’s for both electrode materials under Ar purge indicate 

an overpotential of about 1 V for the HER (Equation 3).  

 

Figure 4.5. CVs at 50 mV/s in 0.05 M Na2SO4 under O2 and Ar saturated conditions for N-

GUITAR/KFD and KFD electrode. The peak potentials (Ep’s) for GUITAR/KFD are -0.65 and 

-1.10 V and for N-GUITAR is -0.77 V. The hydrogen evolution reaction (HER) for the scans 

are also indicated. 
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4.4.3 H2O2 production is the major pathway for the N-GUITAR electrocatalyst.  

The electrocatalyst was evaluated for generation of H2O2 by controlled potential electrolysis 

(CPE) at potentials ranging from -0.35 to -1.50 V vs. Ag/AgCl for 30 min in O2 saturated 0.050 

M Na2SO4 (aq). The saturation is ensured by bubbling O2 across the electrode surface, which 

also aids in mass transport. The N-GUITAR cathode ECSA is 260 cm2, corresponding to a 

geometric area of 4.4 cm2. Control electrodes of the same geometric areas include 

GUITAR/KFD (ESCA 223 cm2) and KFD (ECSA 270 cm2). Selected current-time profiles 

with the N-GUITAR/KFD cathode are shown in Figure 4.6A. These remained at a steady state 

during the electrolysis for each potential. This is an indication of constant mass transport of O2 

to the electrode and stable electrocatalyst performance. Figure 4.6C shows the time profile for 

H2O2 concentration at the applied potential of -1.5 V for N-GUITAR/KFD. The data was 

obtained by taking 0.5 ml aliquots every 5 minutes for H2O2 analysis. This system obeys zero-

order kinetics with the observed linear increase in H2O2 concentration, which is similar to other 

electrochemical H2O2 generation studies in the literature.32,33 Performance of the control 

electrodes, GUITAR/KFD, and KFD are also shown in Figure 4.6C. As can be seen through 

the slopes, the N-doped material is a much more efficient electrocatalyst than either of the 

control electrodes. Figure 4.6B illustrates the effect of driving potential on the rates of H2O2 

production (µmoles/cm2-hour). The N-GUITAR/KFD electrode increased H2O2 with driving 

potential from the range -0.3 to -1.5V. Both control electrodes decreased in production rate 

from -0.95 V. It is surprising that GUITAR/KFD is much less efficient than bare KFD. This 

may be from the consumption of H2O2 through Reaction 4 and may be observed in the 2nd CV 

wave at Ep -1.1 V for GUITAR/KFD in Figure 4.5. Further evidence is presented in the current 

efficiency studies below.  
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Figure 4.6. (A) Current-time curves recorded in O2 saturated 0.05 M Na2SO4 at various 

constant electrode potentials. (B) Amount of H2O2 generated during constant potential analysis 

and normalized for geometric area (C) Concentration of measured H2O2 with time (D) Plot of 

current efficiency for H2O2 production at different applied potential. 

Under O2 purge, the controlled potential electrolysis gave pH shifts from pH 7.0 to 

approximately pH 12. The final pH is expected from the reactions of Equations 1, 2, and 4. A 

Pourbaix diagram in Figure 4.7 illustrates that this shift in pH does not affect the spontaneity 

of reactions from electrode potentials from -0.35 V to -1.50 V vs. Ag/AgCl. 
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Figure 4.7 Pourbaix diagram for the reactions in Equations 1-4. The shaded region is the pH 

and potential conditions of this study 

 

The current efficiency (CEH₂O₂/O₂) was examined for H2O2 production through Equation 1 for 

each of the three electrode systems of this study. This is described in Equation 6, where n is 

number of electrons transferred in the balanced half-reaction, F is a Faraday’s constant, V is 

volume of the cell, and i is the current. 
34 

(6)  𝐶𝐸𝐻₂𝑂₂/𝑂₂ =
𝑛𝐹𝑉 [𝐻2𝑂2]

∫ 𝑖 𝑑𝑡
𝑡

0

× 100  

 

Figure 4.6 D demonstrates that N-GUITAR/KFD maintains excellent CE H₂O₂/O₂ at all 

potentials. At the highest driving potential of -1.5 V, it has a CEH₂O₂/O₂ of 88%, at -1.2 V it is 

97% (also see Table 1, Column D). The CE H₂O₂/O₂ for both KFD and GUITAR/KFD are notably 

lower, at 38 % and 29%, respectively at -1.5 V vs. Ag/AgCl. Figure 4.6 D shows that both 

control electrodes increase H2O2 production rates from -0.35 to 0.95 V with noticeable drops 
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at higher driving potentials. This may be from the consumption of H2O2 via Reaction 4. That 

problem is absent for the N-GUITAR/KFD electrocatalyst as it increases H2O2 production with 

increasing cathodic potential. 

In general, N-GUITAR operates at a higher CE relative to literature electrocatalysts.  

Figure 4.8  illustrates the competitiveness of this electrocatalyst at the various applied 

potentials relative to literature non-metal electrocatalysts. Also included are the control 

surfaces of GUITAR and bare KFD at their maximum CE and production rate.  This N-doped 

pseudo-graphite electrode operates at 95 to 100% CE H₂O₂/O₂ at potentials of -0.35 to -0.95 V, 

while literature electrodes are at 45 to 95% at similar potentials. 32,33,35-37 This effect gives N-

GUITAR the ability to operate at higher driving potentials without CE penalties effectively.  

At the highest potential of this study, -1.5 V vs. Ag/AgCl, this electrocatalyst operates at 88 % 

CE H₂O₂/O₂ with a production rate of 250 µmoles/h/cm2 (8.5 mg hr-1cm-2 ). This is the highest CE 

reported for this relatively high rate. A report at a higher rate had a CE H₂O₂/O₂ of 40.5 %.38 

Considering these values (CE H₂O₂/O₂ and H2O2 production rate) N-GUITAR electrode has the 

best combination of high current efficiency and H2O2 production rate. 32,33,35-37 
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Figure 4.8. A plot of H2O2 production rate and current efficiency for the N-GUITAR ORR 

electrocatalyst. The applied potentials are indicated. The highest rates for H2O2 production 

rate GUITAR and KFD are included along with literature electrocatalysts.32,35,37-49 

 

4.4.4 The Hydrogen Evolution Reaction is a Minor Pathway for the Electrocatalyst.  

The high CE H₂O₂/O₂ indicates that the major pathway for the electrocatalyst is through Reaction 

1. The extent of the competing pathways, Reactions 2 through 4, were investigated with 

chronoamperometric and rotated disk electrode methods. Reaction 3 is the hydrogen evolution 

reaction (HER). Previous studies of GUITAR and its variants showed that these materials are 

kinetically slow for HER. Generally, the overpotential is 1 to 1.5 V and is among the highest 

of all electrode materials.12-14 The N-GUITAR/KFD cathode was examined for the HER by 

chronoamperometry in Ar-purged 0.050 M Na2SO4 at -0.95, -1.20 and -1.50 V vs. Ag/AgCl. 

Figure 4.9 shows the respective chronoamperograms for this study. In the absence of O2 the 

charge from those currents is proportional to total H2 production.  These charges are 

summarized in Table 1, Column A. When compared to the charge obtained under saturated O2 

conditions in Figure 5A and summarized in Table 1 Column B, the HER is a minor component 

of overall cathodic current ranging from 0.2% at -0.95V to 7.8% at -1.5V (Table 1 Column C). 
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Figure 4.9. Chronoamperograms recorded in Ar purged 0.05M Na2SO4. The potentials and 

steady-state currents for the N-GUITAR/KFD electrodes are described in the diagram. 

 

4.4.5 Assessment of the Contribution of the 4e- ORR (Reaction 2) Pathway to the 

Overall Cathodic Current: Rotating Disk Electrode (RDE) Hydrodynamic Studies. 

The contribution of Reaction 2 to the overall cathodic current was estimated through the 

measurement of n, the number of electrons transferred in the half-reaction. As n is 2 for 

Reaction 1, increases over that quantity indicate possible contributions by Reaction 2 where n 

= 4. To assess this characteristic, rotating disk electrode (RDE) experiments were conducted 

for n (Figure 4.10A). The RDE gives n through the Koutecky-Levich (K-L) relationship in 

Equation 7.  The symbols J, Jk
, and ω are the current density, kinetic current density, and 

angular velocity, respectively. In the K-L Equation, B is 0.62nFν1/6 CO₂DO₂ 
2/3 where F is 

Faraday’s constant, ν is the kinematic viscosity of the electrolyte (0.01 cm2 s-1), CO₂ is the bulk 

concentration of oxygen (1.20 × 10-6 mol cm-3), and DO₂ is the diffusion coefficient of O2 in 

0.050 M Na2SO4 (1.90 ×10-5 cm2 s-1). (15,37)  
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(7)  
1

𝐽
=  

1

𝐽𝑘
+

1

𝑩𝜔1/2    

For the RDE study, the graphitic nitrogen-rich N-GUITAR electrocatalysts was deposited on 

Ketjen black particles as described in the Experimental and in previous studies.15 In those 

investigations, pristine GUITAR had n = 2.6 to 2.8. A variant of an N-doped GUITAR (N´-

GUITAR) which had a predominance of pyridinic and pyrrolic moieties, was found to have n 

= 3.6 to 3.7.15 The background-corrected linear sweep voltammetric (5 mV/s) RDE at rotation 

rates from 400 to 2400 rpm are shown in Figure 7A. Between the potential range of -0.7 to -

1.5V vs. Ag/AgCl, this electrocatalyst was found to have n = 1.99 (see Figure 4.10B). This, 

along with CE data of Section 3.3, strongly indicate that this electrocatalyst has a strong 

preference for Reaction 1, with Reaction 2 being a negligible pathway. 

 

Figure 4.10  (A) Rotating disk electrode (RDE) linear sweep voltammograms recorded at 

different rotating rates in 0.05 M Na2SO4. (B) The number of electrons transferred from the 

Koutecky-Levich Equation over the potential range of -0.7 to -1.5 V. The average n with one 

standard deviation is shown. 
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4.4.6  Other Pathways that Lead to the Loss of H2O2. 

The pathways that lead to the loss of H2O2 are the electrochemical processes of 4e- ORR of 

Equation 2 discussed above, electroreduction of H2O2 giving H2O (Equation 4), and 

disproportionation through the reaction in Equation 8. (10) 

(8) 2 H2O2 → O2 + 2H2O  

The three reactions cannot be distinguished from one another and therefore are treated together. 

The contribution to pathways that lead to the loss of H2O2 is outlined in Equations 2, 4, and 8 

and can be inferred from the Equation 9 and summarized in Table 1 Column E.  

(9) Pathways for H2O2 consumption (%) = 100 – CEH₂ – CEH₂O₂/O₂ 

The 3 values in Column E are not statistically different from each other, it is possible that the 

disappearance of H2O2 is invariant to the applied potentials.  

 

Table 4-1 : Breakdown of major pathways during oxygen electrolysis in 0.050M Na2SO4 

(aq) for 30 minutes with n = 3. One standard deviation intervals are included. 

 A B C D E 

Potential  

V vs. 

Ag/AgCl 

Charge 

obtained 

under Ar 

purge. (Fig 

6)  

Charge 

obtained 

under O2 

purge (Fig. 

5A) 

Current 

Efficiency for 

H2 

Production 

Via Equation 

3 

Current 

Efficiency for 

H2O2 

Production via 

Equation 6 

Pathway for 

H2O2 

degradation 

pathways 

(Equations 2, 4, 

and 7) 

-0.95 V 0.17 ± 0.04 

coulombs 

87.4 ± 5.3 

coulombs 

0.2% ± 

0.06% 

96 .0% ± 

1.0% 

3.8% ± 1.0%  

-1.20 1.42 ± 0.10 100.0 ± 4.5 1.4 ± 0.2 95.0 ± 2.0 3.6 ± 2.0  

-1.50 10.5 ± 0.5 134.0 ± 3.6 7.8 ± 0.5 87.8 ± 1.8 4.4 ± 1.8 
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4.4.7  The N-GUITAR Electrocatalyst is Stable. 

The electrocatalyst stability is demonstrated in the sequence of experiments outlined in Figure 

4.11. The electrode was subjected to a constant potential of -1.5 V for five 30-minute cycles 

under O2 purge. The H2O2 production rate (Figure 4.11A) and current efficiencies (Figure 

4.11B) indicate stability. 

 

Figure 4.11:   Stress tests of the N-GUITAR electrode for H2O2 production. Average values 

and one standard deviation are indicated on each graph. (A) Rates of hydrogen peroxide 

generation at -1.5 V of applied potential in 0.05 M Na2SO4. (B) Current efficiencies as 

calculated using Equation 6. 

 

4.5 Summary and Conclusion 

The ability to selectively dope GUITAR with different nitrogen moieties is unique to this 

pseudo-graphitic material. Our previous form of nitrogen-doped material, N´-GUITAR, 

contains 0.9 % nitrogen by the atomic abundance with the division in those species as 0.0 % 

graphitic-N, 46.0 % pyridinic, 41.6 % pyrrolic, and 12.4 % N-oxide.15 That electrocatalyst gave 

an ORR pathway through a 4e- mechanism giving H2O (Equation 2). In this study, another 

form of nitrogen-doped pseudo-graphite, N-GUITAR (9.7% N atomic abundance). Those N 

species have a division of 72.3 % graphitic N, 23.7 % pyridinic, 0.0 % pyrrolic and 4.0 % N-

oxide.13 Based on the rotating disk electrode and chronoamperometric studies, N-GUITAR 
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shows a strong preference for the 2e- route to H2O2 production (Equation 1). This result agrees 

with the literature indicates the importance of the graphitic N for this pathway. (21,23) While 

N-GUITAR has a relatively high abundance of pyridinic nitrogen (23.7%), it was observed 

that this moiety did not significantly contribute to the 4e- pathway. This runs contra to literature 

hypotheses.18 However, this result must be viewed in the context that GUITAR is a pseudo-

graphite with a plethora of structural defects. The preference for the 2e- ORR pathway, along 

with significant overpotentials for the HER (Equation 3) and H2O2 consumption (Equation 4), 

gives an electrocatalyst with the highest combination of H2O2 production and current 

efficiency in literature. The H2O2 production rate from Figure 5C is 466 mg/L-hour at -1.5 V 

and 285 mg/L-hour at -0.95 V.  This indicates applications in water treatment and wastewater 

remediation, which require17-68 mg/L H2O2 in conjunction with UV light, and 50-250 mg/L 

H2O2 for Fenton Reaction processes.50,51 It also can be used directly as a disinfectant which 

requires 10-100 mg/L of H2O2.
52 It should be expected that higher production H2O2 rates can 

be obtained with optimized cell and electrode configurations. 
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Chapter 5: Conclusion and Future Prospective 

 

In this dissertation work, a low-cost metal-free pseudo graphite (GUITAR) based 

electrocatalyst was synthesized and characterized for selective oxygen reduction reaction 

(ORR). A highly defective GUITAR surface was used as a base material to tune its properties 

by nitrogen doping. This material benefits from the low cost of synthesis, fast HET rate, higher 

corrosion resistance, and the ability to coat on different templates. Two different selective 

nitrogen doping techniques were explored for their applications in the ORR. Emphasis was 

placed on selective nitrogen doping and their preferences towards 4 electrons or 2 electron 

ORR pathways, improved stability, performance, and scalability.  

Selectively doped GUITAR with predominantly pyridinic and pyrrolic moieties (0.0 % 

graphitic-N moieties) preferred ORR through 4 electron pathways: This form of nitrogen-

doped GUITAR (N´-GUITAR) was synthesized using melamine as the nitrogen precursor. 

This N´-GUITAR contains 46.0 %- pyridinic, 41.6 %- pyrrolic nitrogen, 12.4 % N-oxide and 

with a notable absence of graphitic nitrogen (0.0 %). The total abundance of nitrogen in N´-

GUITAR was 0.9 atomic %.  This electrocatalyst proved to be durable and efficient (up to 

85%) for the 4e- ORR to H2O. The electrochemical characterization was carried out based on 

the Department of Energy (DOE) stress test protocol. Based on the exceptional stability and 

low cost of synthesis, N´-GUITAR stands as a practical candidate for widespread use in fuel 

cell technology.   

Selectively doped GUITAR with predominantly graphitic-N (72.3%) moieties preferred ORR 

through 2 electron pathways: A second attempt to increase N content on GUITAR surface 
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resulted in selectively doped graphitic N moieties (72.6 %) with 23.7 % pyridinic, 4.0% N-

oxide, and 0.0% pyrrolic nitrogen (as shown in Figure 5.1). This form of nitrogen-doped 

GUITAR, named N-GUITAR, was synthesized using acetonitrile as a precursor and contained 

a 9.7 atomic % nitrogen. N-GUITAR showed a strong preference for the 2e- route to H2O2 with 

a current efficiency of up to 95%. Higher selectively for the 2e- ORR pathway and significant 

overpotentials for the hydrogen evolution (HER) give this electrocatalyst the highest 

combination of H2O2 production and current efficiency in literature. 

 

                            

Figure 5.1 Nitrogen moieties on GUITAR surface and their preferences towards ORR. 

 

The ability to selectively dope different nitrogen moieties is unique to this pseudo-graphitic 

material, GUITAR. It is expected that two different forms of a selectively nitrogen-doped 

GUITAR will help elucidate the roles of the different N-species for ORR. This experimental 
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study suggests that pyridinic and pyrrolic groups are responsible for ORR through the 4e- 

pathway while graphitic N is responsible for ORR through the 2e- pathways. Future work will 

focus on computational modeling for guidance on the optimal dopant concentration and ratios 

of the pyrrolic, pyridinic, and graphitic moieties to reduce the ORR overpotential for both 2 

and 4 electron ORR pathways while maintaining reaction specificity. 

N-GUITAR as a robust electrochemical sensor: Apart from ORR, N-GUITAR was also tested 

for electrochemical sensor applications. Nitrogen-modified GUITAR electrode was tested for 

electrode passivation by volatile organic compounds (VOCs) and detection of dopamine via 

electro-oxidation. Cyclic voltametric studies along with the water contact angle measurement 

showed that N-GUITAR exhibits significant resistance to fouling by VOCs adsorption. 

Electrode passivation by adsorbed VOCs is common in literature for other graphitic carbon 

materials, which decreases the heterogeneous electron transfer rate. GUITAR and N-GUITAR 

electrodes showed less prone to this effect, which might be due to the nanocrystalline and 

highly defective nature of GUITAR (with a high density of electronic state). It is also expected 

that polarized C-N bond on N-GUITAR hinders VOC adsorption. N-GUITAR electrode also 

shows better kinetics for dopamine electro-oxidation and resistance towards electrode fouling 

by dopamine polymerization. With the combination of these results and the easy synthesis 

process, N-GUITAR has much promise for implantable dopamine sensor for longer-term 

applications. Ongoing investigation with this material also showed encouraging results 

towards electrochemical detection of uric acid and electrochemical nitrogen reduction reaction. 


