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Abstract 

Nanocrystalline-graphite produced from pyrolyzed vegetable oil has properties that deviate 

from typical graphites, but is similar to the previously reported Graphite/Graphene from the 

University of Idaho Thermolyzed Asphalt Reaction (GUITAR). GUITAR has the classical basal 

and edge plane morphology similar to graphite and graphene with similar X-ray 

photoelectron spectroscopy (XPS), Raman and IR characteristics. However, GUITAR is 

electrochemically different from both graphite and graphene. GUITAR has (i) faster 

heterogeneous electron transfer rate across its basal plane, (ii) an electrochemical window 

that exceeds graphitic materials by 1 V and (iii) higher corrosion resistance beyond graphitic 

materials. To discover the structural basis for these properties, characterization of GUITAR 

was investigated with Raman and X-ray photoelectron spectroscopies, density, X-ray 

diffraction (XRD), thermogravimetric and elemental analyses (see Chapter-1). These 

characteristics established GUITAR as a new form of carbon different from previous forms. 

The aforementioned beneficial electrochemical properties of GUITAR are examined for 

application in different fields like as electrochemical energy storage (vanadium redox flow 

battery – VRFB, chapter-2) and electrochemical sensing of important electroactive analytes 

(chemical oxygen demand – COD and free chlorine – HOCl and ClO-, see chapter 3 and 4, 

respectively). The results explained in this dissertation show that GUITAR is an excellent 

alternative material for the negative electrode in the vanadium redox flow battery and an 

effective sensor material for determination of chemical oxygen demand and free chlorine. 
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Chapter 1: Introduction to GUITAR 

“The sp2-sp3 carbon hybridization content of nanocrystalline graphite from pyrolyzed 

vegetable oil, comparison of electrochemistry and physical properties with other carbon 

forms and allotropes.” CARBON 2019, vol. 144, pp. 831-840. 

 

Abstract 

Nanocrystalline (nc) graphite produced from pyrolyzed vegetable oil has properties that 

deviate from typical graphites but is similar to the previously reported Graphite from the 

University of Idaho Thermolyzed Asphalt Reaction (GUITAR). These properties include (i) fast 

heterogeneous electron transfer (HET) at its basal plane and (ii) corrosion resistance beyond 

graphitic materials. To discover the structural basis for these properties, characterization of 

this nc-graphite was investigated with Raman and X-ray photoelectron spectroscopies, nano-

indentation, density, X-ray diffraction (XRD), thermogravimetric and elemental analyses. The 

results indicate that this nc-graphite is in Stage-2 of Ferrari's amorphization trajectory 

between amorphous carbon (a-C) and graphite with a sp2/sp3 carbon ratio of 85/15. The 

nanocrystallites size of 1.5 nm from XRD is consistent with fast HET rates as this increases the 

density of electronic states at the Fermi-level. However, d-spacing from XRD is 0.350 nm vs. 

0.335 for graphite. This wider distance does not explain its corrosion resistance. Literature 

trends suggest that increasing sp2 content in a-C's increase both HET and corrosion rates. 

While nc-graphite's HET rate follows this trend, it exhibits higher than predicted corrosion 

resistance. In general, this form of nc-graphite matches the best examples of boron-doped 

diamond in HET and corrosion rates. 
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1.1 Introduction 

Carbon electrodes offer the promise of low cost and high performance relative to other 

materials. The element itself is capable of forming many types of allotropes, each with a 

unique set of physicochemical properties. In electrochemical applications, the aqueous 

potential window and heterogeneous electron transfer (HET) kinetics with dissolved redox 

species are important from the standpoint of sensors and with electrochemical energy 

conversion and storage. [1,2,3,4] At the anodic potential limits, corrosion processes and 

water oxidation predominate (Reactions 1.1a and 1.1b).  

C + 2H2O → CO2 + 4H+ + 4e- E0
red = 0.207 V  (1.1a) 

2H2O → O2 + 4H+ + 4e-  E0
red = 1.23 V  (1.1b)  

On the other hand, at the cathodic potential limits, H2 (g) evolution comes into consideration 

(Reaction 1.1c). 

      2H+ + 2e- → H2                              E0
red = 0.00 V                     (1.1c) 

Slow electrode kinetics for the reactions above can increase effective stability up to a 2 V 

potential window on most graphitic electrodes. [5,6] In general, sp3-C containing boron-

doped diamond (BDD) and amorphous carbon (a-C) electrodes offer greater stability to 

corrosion than pure sp2 carbon materials. [7,8,9,10] The sp2/sp3 ratio governs the chemical 

and physical characteristics of the carbon electrodes. In general, literature results suggest 

that increasing the sp2 content will increase both rates of corrosion and HET kinetics. [5,6,7] 

The hybridization content (sp2/sp3 ratio) would also be important in determining atomic 

arrangement. Graphitic stacking would be expected of pure sp2 materials, while structures 

with no layering would result from pure sp3 materials. Most micrographs indicate that with 
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mixed sp2-sp3 a-C materials do not exhibit layered morphology. [11,12,13,14,15] However, in 

a computational study, Galli and coworkers examined an a-C consisting of 85% sp2 and 15% 

sp3, and predicted that the C atoms would form into a layered material. [16] The simulation 

also indicated that this a-C will have an increased density of electronic states at the Fermi 

level relative to crystalline graphite, which is expected to increase HET rates. [16,17] 

The previously reported material, graphite (or graphene) from the University of Idaho 

Thermolyzed Asphalt Reaction (GUITAR) was initially mistaken for a graphite, as it has some 

physical and morphological similarities with sp2-hybridized carbon materials. [18,19] Those 

initial characterizations best described this material as nanocrystalline (nc) graphite. In the 

search for increasing yields and scalability, the precursors for this material has varied. In this 

contribution, we examined a nc-graphite produced from pyrolyzed vegetable oil rather than 

the previously reported precursors. However, given that this material exhibits identical 

electrochemical, Raman spectroscopic, and x-ray diffraction characteristics as the previous 

GUITAR materials from this group, it will be referred to from this point on as GUITAR. 

[18,19,20,21] 

Due to the combination of GUITAR’s resistance to corrosion and fast HET rates, several 

investigations are underway examining applications in ultracapacitors, fuel cells, batteries 

and sensors. [4,20,21] In order to understand the stark differences in electrochemical 

characteristics between graphite and GUITAR, cyclic voltammetry, X-ray photoelectron 

spectroscopy (XPS), X-ray diffraction (XRD), and Raman studies were conducted to assess the 

sp2/sp3 carbon content and d-spacing of GUITAR with the goal of determining both shared 

and distinct structural characteristics with other forms of carbon. Density measurements, 
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elemental, thermogravimetric (TGA), and hardness analyses were conducted to augment 

those studies. These measurements allow the placement of GUITAR in the sp2-sp3 carbon-H 

ternary phase diagram so that its electrochemical characteristics be compared to the carbons 

of similar compositions. Quantitative measurements of corrosion were conducted by Tafel 

studies to ascertain any correlation with sp3 content, and for comparison with anodically 

stable carbon electrodes with similar sp2/sp3 ratios.  
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1.2 Experimental  

1.2.1 Chemicals  

Deposition targets were constructed from quartz tubes (Technical Glass Products, Inc., 

Painesville Twp., OH, USA) cut into 2 cm x 0.5 cm wafers. The precursor for GUITAR deposition 

was vegetable (soybean) oil obtained from WinCo Foods grocery store in Moscow, Idaho, 

USA. The tube furnace was a Hevi Duty Electric Co., type M-3024. The peristaltic pump, steel 

injection needle, tubing, and thermocouple were acquired from McMaster-Carr (IL, USA). 

Nitrogen gas (>99.5 %) was supplied from Oxarc (WA, USA). Paraffin wax and high vacuum 

grease were obtained from Royal Oak Enterprises (GA, USA) and Dow Corning (MI, USA) 

respectively. Pyrolytic graphite foil (Lot # 157161) and graphite felt (KFD 2.5 EA) were 

obtained as gift from SGL Carbon Company (PA, USA). Highly ordered pyrolytic graphite 

(HOPG, ZYA) was obtained from SPI Supplies (PA, USA), with a mean step density 0.5±0.1 

µm/µm2, as reported by Unwin et al. [22] Sulfuric acid (96.3%) was purchased from J.T. Baker 

(NJ, USA). All aqueous stock solutions were prepared with deionized water, which was further 

purified by passage through an activated carbon purification cartridge (Barnstead, model 

D8922, Dubuque, IA).   

 

1.2.2 GUITAR Synthesis from Vegetable Oil and Electrode Preparation  

GUITAR samples were prepared via a chemical vapor deposition (CVD) method with the 

apparatus shown in Figure 1.1. This revised method obviates the need for sulfur as required 

in previous studies. [18,19,23] The tube furnace was heated to a temperature of 900 oC and 

the carrier gas (N2) purifier was preheated to 400 oC in a gas chromatograph gas purifier oven 
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(Supelco, PA, USA). The deposition targets (2 cm x 0.5 cm, quartz slides) were positioned 

inside the quartz tube and the end was plugged with a small exhaust tube wrapped in ceramic 

wool to prevent O2 from entering the chamber. The system was purged with preheated N2 at 

a flow rate of 4.2 L/minute for 5 min prior to the start of run. Vegetable oil precursor was 

injected into the tube furnace at a rate of 5 mL/min for a total deposition time of 30 min. The 

tube furnace was then allowed to cool down under N2 before the GUITAR coated substrates 

were removed.    

Preparation of GUITAR working electrodes is described in previous publications [18,23]. 

GUITAR coated quartz slides were waxed leaving an exposed basal plane area of 0.1-0.2 cm2. 

The graphite foil working electrodes were prepared by the same method.  

 

1.2.3 Characterization of GUITAR  

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

Zeiss, Germany). Density analyses were conducted by Micromeritics Particle Testing 

Authority (Norcross, GA, USA). Midwest Microlab (Indianapolis, IN, USA) did the elemental 

analysis for C, H, N and O. The XPS apparatus was built in-house at Oklahoma State University 

Figure 1.1. Schematic of GUITAR synthesis via chemical vapor deposition (CVD) method. 
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and performed in a vacuum chamber with a base pressure of 1×10-10 Torr. Measurements 

were made with the Al Kα emission line (1486.6 eV) and a hemispherical energy analyzer with 

a resolution of 0.025 eV. All spectra were acquired at room temperature. The XPS peaks were 

fit with a Gaussian curve after performing a Shirley background subtraction. The FWHM were 

held at a constant value for all peaks. Raman spectrum was acquired with a Horiba LabRAM 

HR Evolution Raman microscope (Irvine, California) using a laser excitation wavelength of 

514.5 nm. Hardness values were measured using a Hysitron TS 75 TriboScope nanoindenter 

head mounted on a Bruker Dimension 3100 AFM. A diamond tip Berkovich probe (Hysitron 

TI-0039) with a 100 nm nominal radius of curvature was used to create the indents. A series 

of indentations were carried out at loads varying from 0.3-25 mN.    

Thermogravimetric analyses (TGA, Perkin Elmer TGA-7, Waltham, MA, USA) were conducted 

under air atmosphere (21 standard cubic centimeters per minute, or SCCM, flow rate) from 

ambient temperature to 900 °C with a heating rate of 10 °C/min. Samples used in TGA 

consisted of 1-2 mg of particles with a size <1 mm. Powder X-ray diffraction (XRD) was 

conducted on a Siemens D5000 Diffractometer (Germany) equipped with an FK 60-04 air 

insulated XRD tube and a Cu anode. The spectra were taken with Cu K-alpha radiation (0.154 

nm) at 40 kV and 30 mA in the range of 2θ = 0-80° at room temperature. Electrochemical 

measurements were carried out at room temperature using a Gamry PCI4/750 potentiostat 

(Gamry Instruments, Warminster, PA, USA). The reference electrode was an Ag/AgCl/3 M 

NaCl system (0.209 V vs. SHE). A KFD graphite felt (15 cm x 10 cm) served as the counter 

electrode. Tafel polarization measurements were carried out in N2 saturated 1.0 M H2SO4 

using a single compartment 1.0 L volume cell. The working electrodes were allowed to 
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equilibrate in electrolyte solutions for ≥ 1 hour to attain an equilibrium or open circuit 

potential (Eocp) prior to the start of polarization. The working electrodes were scanned from 

-0.5 to +1.0 V vs. Ag/AgCl at a scan rate of 1 mV/s. These experiments were performed under 

vigorously stirred conditions. The standard HET rate constants (k0, cm/s) for Fe(CN)6
3-/4- on 

GUITAR and other carbon electrodes were calculated using the Nicholson method as 

described in reference 24, and also determined by modeling with DigiSim version 3.03b 

(Bioanalytical Systems, Inc. West Lafayette, IN, USA). The k0 values obtained from modeling 

agreed with the Nicholson method. Above a cyclic voltammetric potential peak separation 

(ΔEp) greater than 212 mV, only DigiSim was used for the determination of k0 for literature 

carbon materials, as Nicholson’s analysis is limited to ΔEp 212 mV. The transfer coefficient (α) 

and diffusion coefficient (D) for Fe(CN)6
3-/4- are assumed as 0.5 and 6×10-6 cm2/s respectively, 

as reported in literature. [25,26,27]    
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1.3 Results and Discussion 

1.3.1 Micrographs of the nc-Graphite, GUITAR and Highly Ordered Pyrolytic Graphite 

(HOPG) 

Optical and scanning electron micrographs show GUITAR has clearly discernable basal and 

edge planes with a layered structure, similar to previous synthetic methods and to graphites 

and graphenes. [18,19] Figure 1.2 illustrates these configurations and similarities between 

GUITAR and highly ordered pyrolytic graphites (HOPG). However, an important feature 

observed with graphites is missing with GUITAR as its basal plane is flat and featureless to the 

resolution of SEM. On the other hand, the basal plane of HOPG exhibits its characteristic step 

defects. The mean step density of the HOPG (ZYA) is calculated as 0.5±0.2 µm/µm2 using SEM 

images. This value agrees with the result reported by Unwin et al. (0.5±0.1 µm/µm2, using 

atomic force microscopy). [22]. No step defects have been observed on the basal plane of 

GUITAR in over 200 SEM images over several years (2010-2018). 

        

Figure 1.2. Photographs (insets) and scanning electron micrographs illustrating 
morphological similarities between GUITAR and highly ordered pyrolytic graphite (HOPG). 
Both show clear basal and edge plane configurations.  
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1.3.2 Electrochemical Properties of GUITAR  

Despite the morphological similarities, GUITAR has electrochemical properties that diverge 

from graphites and graphenes. These include fast HET rate across its basal plane (BP) and 

resistance to corrosion as measured by cyclic voltammetry. The results obtained with the 

newest and simplified synthetic process of this contribution are in concordance with previous 

studies. [19,20,21,28] The Fe(CN)6
3-/4- redox probe is often employed to measure these rates 

on carbon materials (Reaction 1.2). [29,30,31]  

Fe(CN)6
3- + e-  ⇌ Fe(CN)6

4-          E0
red = 0.430 V   (1.2)         

Cyclic voltammetric experiments were conducted on GUITAR electrode with 1 mM Fe(CN)6
3- 

in 1 M KCl at 50 mV/s with a measured Ep of 65 mV. This replicates previous studies of 

GUITAR with various synthetic methods. [19,20,21] That Ep corresponds to a standard rate 

constant (k0) of 0.03 cm/s as calculated from the Nicholson method as well as determination 

by modelling with DigiSim software. This exceeds the basal planes of other graphites and 

graphenes by 2-6 orders of magnitude [19,29,32,33]. Slow kinetics on the BP of crystalline 

graphites is attributed to the low density of electronic states (DOS) at the Fermi-level. [29,30] 

On the other hand, the defect-rich nanocrystallinity of GUITAR would increase that DOS. 

[19,30] The measured 200 µA/cm2 anodic limit of 1.9 V vs. Ag/AgCl in 1.0 M H2SO4 at 50 mV/s 

matches previous studies. [19,20] This is 300 to 500 mV greater than graphites in various 

electrolytes. [5,6,19,20] This resistance to corrosion is attributed to the lack of electrolyte 

intercalation through the edge and basal planes of GUITAR as discussed in previous studies. 

[19] The total potential window at 200 µA/cm2 in 1 M H2SO4 is 3 V, which surpasses graphites 

by 1 V. [19,20,21]  
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1.3.3 Density of GUITAR is Consistent with Graphites and Amorphous Carbons  

Skeletal and bulk densities of GUITAR were measured as 1.95 and 0.57 g/cm3 respectively. 

This is consistent with literature graphites that have skeletal and bulk densities of 1.6-2.3 

g/cm3 and 0.22-0.59 g/cm3 respectively. [34,35,36] It is also similar to the skeletal densities 

of a-C and hydrogenated amorphous carbons (a-C:H) which range between 1.6-2.2 and 1.2-

2.4 g/cm3 respectively. [35,36,37,38] The skeletal density of GUITAR lies well below that of 

diamond (3.51 g/cm3) and DLC (2.35-3.26 g/cm3), but above that of glassy carbon (1.3-1.5 

g/cm3). [36,39,40] Also of interest is the agreement of the skeletal density for GUITAR with 

the computational value for an a-C consisting of 15% sp3-C reported by McKenzie (see Figure 

21 therein). [41] Based on density, GUITAR can be placed in the range expected of graphitic 

to a-C materials. 

 

1.3.4 Elemental Analysis Indicates GUITAR is a Hydrogenated Carbon Material  

The results of this study yield 98.72% C, 0.20% O and 1.08% H by mass (88.35% C, 0.14% O 

and 11.51% H by mole) for GUITAR. This matches results obtained with XPS analysis below. It 

is noteworthy that GUITAR is one of the purest carbon films grown by a CVD method, and 

significantly, shows no metal contamination and negligible oxygen content. Literature CVD-

grown graphenes typically contain metal contamination and 5-30 wt% oxygen. [42,43,44] 

Furthermore, elemental analysis indicates that GUITAR possesses more hydrogen content 

that would be expected of most graphites but within the range of graphite-like hydrogenated 

a-C (GLCH, <20 atomic %). [45] 
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1.3.5 XPS Analysis Indicates that GUITAR is 15% sp3-Carbon  

Figure 1.3A shows the full scan XPS spectrum of GUITAR, where only the C1s peak is observed. 

This agrees with the results from elemental analysis. In Figure 1.3B the deconvolved C1s peak 

reveals 3 components: sp2-C (284.2 eV) at 85.0% abundance, sp3-C (285.4 eV) at 15.0%, and 

a satellite peak typical of sp2 carbon at 286.9 eV. [46] The sp2 content of GUITAR is close to, 

but slightly below that of literature graphites, which range from 90 to 100%. [47,48] In 

contrast, the sp2 carbon content of a-C and DLC electrodes varies from 10-75%. [7,49,50,51] 

Another graphite-like material, turbostratic carbon consists of 70% sp2 carbon. [52] This 

places GUITAR’s sp2 content midway between the lower bound of graphites and the upper 

end of a-C. 

 

 

 

 

Figure 1.3. (A) Wide scan XPS spectra of GUITAR and (B) Deconvolved peaks of the C1s 
signal.   
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1.3.6 Raman Studies of GUITAR Indicate that it has Characteristics of Nanocrystalline 

Graphite and Graphite-Like Hydrogenated a-C  

Figure 1.4 illustrates the Raman spectrum of GUITAR obtained with a laser excitation 

wavelength of 514.5 nm. In graphitic materials the G-band (1575-1600 cm-1) is associated 

with the E2g vibrational mode within the graphene lattice, while the D-band (1350-1380 cm-

1) is associated with a breathing mode that appears due to defects in that lattice. [53,54] For 

GUITAR, the ratio of the intensities, I(D)/I(G) = 1.16 with the D and G band positions at 1359 

and 1591 cm-1 respectively. Using that data in the Raman analysis of Figure 5 in reference [45] 

yields a H atomic % of ~10% which is in good agreement with the elemental analysis of this 

study (11.51% H). In Figure 5 of reference [49], the G-band position of GUITAR (1591 cm-1) is 

found to be intermediate to nano-crystalline graphite (nc-G, 1600 cm-1) and graphite-like 

hydrogenated a-C (GLCH, 1560 cm-1 and 16% H). 

A Raman spectrum of GLCH with 12% atomic H that could not be located in literature. 

GLCH with 16% H differs significantly from GUITAR with reported D and G band positions at 

1385 and 1569 cm-1 respectively, and I(D)/I(G) = 0.60. [14] Another carbon material with 

exposed nc-graphene edges and an sp2-C content of 85-87% has similar Raman and 

electrochemical characteristics (see Section 1.3.11) with GUITAR. [55] Ferrari’s amorphization 

trajectory offers further insights based on the placement of carbon materials in one of three 

stages, (1) graphite to nanocrystalline graphite (nc-G, 100% sp2), (2) nc-G to a-C (up to 20% 

sp3) and (3) a-C to tetrahedral a-C (ta-C, up to 85% sp3). Based on G-positions and I(D)/I(G) 

ratios, GUITAR is in Ferrari’s Stage 2, near the transition with Stage 1. The reported GLCH with 

16% H is again in Stage 2 but near the transition to Stage 3. [56,57] The full width at half 
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maximum (FWHM) of the G-band in Figure 1.4 of 79 cm-1 gives an La (crystal grain size) of 2-

5 nm based on an analysis by Ferrari and Robertson. [57] This is consistent with a previous 

investigation of GUITAR that gave a La of 1.5 nm and the XRD results below (see Section 

1.3.10). [58 (manuscript submitted)]  

 

1.3.7 Hardness Analysis of GUITAR is Consistent with 15% sp3-C Content  

The hardness of carbon increases with increasing sp3-C content with the transition from 

graphite to diamond covering 0 to 100 gigapascals (GPa). [59,60] For GUITAR the hardness is 

5.6 ± 1 (n = 20) GPa as measured via nanoindentations. Figure 1.5 illustrates that GUITAR, 

with its 15% sp3-C content as obtained by XPS, lies along the linear trend between 0-100% sp3 

when compared with other carbon materials in the literature. [14,59,60,61,62,63,64]  

 

Figure 1.4. Raman spectrum of GUITAR at 514.5 nm laser excitation wavelength. The D 
and G bands peaks are at 1359 and 1591 cm-1 respectively with I(D)/I(G) intensity ratio of 
1.16. The deconvolved peaks are shown with the FWHM of the D and G bands at 167 and 
79 cm-1 respectively. 
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1.3.8 Thermogravimetric analysis (TGA) of GUITAR Indicates a Graphite-like 

Homogeneous Mixture  

From the analyses presented up to this point, GUITAR appears to be mostly graphitic in nature 

with some hydrogenated a-C content. Carbon materials with a heterogeneous mixture of 

graphitic and a-C exhibit two decomposition temperatures (Td), one for each type of carbon. 

[65,66] To investigate this possibility in GUITAR, thermogravimetric analysis of both GUITAR 

and HOPG were conducted under flowing air, with the results shown in Figure 1.6. The Td 

onsets are 640 and 700 °C for GUITAR and HOPG powders respectively as determined by the 

first derivative method (Δm/ΔT). [67] The Td of GUITAR conforms with literature graphites 

which range from 610-680 °C. [66,68,69] For comparison, the decomposition temperatures 

of other carbon materials are: 525-600 °C for BDD and 250-410 °C for both a-C and DLC. 

Figure 1.5. Hardness (GPa) vs. sp3-C content for different carbon forms. Abbreviations: a-C = 
Amorphous Carbon, ta-C = Tetrahedral a-C, ta-C:H = Hydrogenated tetrahedral a-C. GLCH = 
Graphite like hydrogenated a-C, DLC = Diamond like Carbon, GC = Glassy Carbon.  
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[65,70,71,7273,74] Significantly, the single Td of GUITAR indicates a homogeneous 

composition of graphite-like carbon, rather than a mixture that includes a-C.  

 

1.3.9 Placement of GUITAR in the sp2-sp3 Carbon-Hydrogen Phase Diagram is between 

Graphite and GLCH  

Figure 1.7 illustrates the carbon ternary phase diagram. [45] Based on the analyses thus far, 

the position of GUITAR is in the border region of GLCH (graphite like hydrogenated 

amorphous carbon) using the Ferrari and coworkers classification system. These materials 

have less than 20 atomic % H with high sp2-C content. [45] This placement is consistent with 

the Raman spectrum, indicating that GUITAR is intermediate between nc-graphite and GLCH. 

Figure 1.6. Thermogravimetric (TGA) curves of GUITAR and HOPG in the presence of air. 
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1.3.10 Measurement of Crystallite Grain Size (La) and d-spacing by X-ray Diffraction, 

Relationships with Fast HET Rates and Resistance to Corrosion  

Crystalline graphites typically exhibit relatively slow Fe(CN)6
3-/4- HET kinetics, although some 

studies indicate an initial fast rate with degradation after a few hours. [33,75] Sluggish HET 

kinetics is attributed to the low density of electronic states (DOS) near the Fermi-level of 

graphite [29,30]. The DOS increases with disorder in the graphite lattice, which increases the 

HET rate. This feature is hypothesized to be the basis of the relatively fast HET rate observed 

for BP-GUITAR (k0 = 0.03 cm/s).  The standard rate constant (k0) for Fe(CN)6
3-/4- on BP-GUITAR 

matches that of edge plane HOPG, while surpassing the kinetics of BP HOPG by 106 [29,32]. 

Furthermore, GUITAR maintains excellent stability for k0 over 24 hours. [19] The crystal grain 

Figure 1.7. Placement of GUITAR (75.1% sp2-C, 13.2% sp3-C and 11.5% H by mole) in the sp2-
sp3-H ternary phase diagram for carbon. Abbreviations: a-C = Amorphous Carbon, a-C:H = 
Hydrogenated a-C, ta-C = Tetrahedral a-C, ta-C:H = Tetrahedral a-C:H, GLCH = Graphite like a-
C:H, DLCH = Diamond like a-C:H and PLCH = Polymer like a-C:H. 
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size (La) for HOPG is 100-1000 nm with k0  10-6 to 10-9 cm/s. [19,33] Based on Fe(CN)6
3-/4- HET 

rates the La for GUITAR is expected to be much smaller.  

Figure 1.8 shows the XRD spectra of GUITAR and HOPG. GUITAR exhibits a strong basal 

reflection (002) peak at 2θ = 25.4° which is close to classical graphites (2θ = 26.5-27°). [76,77] 

A previous Raman study of GUITAR indicated a nano-crystallite grain size (La) of ~1.5 nm. [58] 

This is in good agreement with X-ray diffraction-based estimates of La = 1.6 nm as calculated 

in this study from Scherrer’s law (La = (Kλ)/(B cosθ), where K is the crystallite shape factor = 

0.94, λ is the X-ray wavelength, B is the full width at half maximum of the peak, and θ the 

Bragg angle. [78] The XRD analysis was also used to obtain the d-spacing of GUITAR and the 

reference HOPG material.  

Generally, wider d-spacing enhances electrolyte intercalation, the initial step leading to 

electrode corrosion. [79,80,81] However, the d-spacing in GUITAR is calculated as 0.350 nm 

from Bragg’s Equations (n = 2d sin(), with n = 1), while the reference HOPG gives 0.335 nm, 

in agreement with the literature. [] It is apparent that GUITAR’s d-spacing is wider than both 

graphites (0.335-0.340 nm) and glassy carbons (0.335-0.342 nm). [82,83,84,85] On multiwall 

carbon nanotubes (MWCNT) and onion-like carbons the d-spacing is 0.340-0.390 nm and 

0.336 nm respectively. [86,87,88] GUITAR’s d-spacing is most similar to turbostratic carbons 

(0.342-0.365 nm), coals (0.334-0.362 nm) and graphites with AA stacking (0.352-0.366 nm). 

[89,90,91,92,93,94] It is significant to note that micrographs of turbostratic carbon do not 

exhibit discernable layered structures as does GUITAR (Figure 1.2). [52] This increased d-

spacing relative to graphites might be expected of nanocrystalline GUITAR as predicted by a 
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computational analysis by Belenkov, which calculates increase of d-spacing from 0.338 to 

0.352 nm as La decreases from infinity to 0.6 nm. [95] 

As increased d-spacing is associated with more facile electrolyte intercalation, the measured 

d-spacing runs contra to previous cyclic voltammetric studies of GUITAR which indicated no 

such behavior (Figure 4 in Ref. 19). [19,79] Computational models of a-C with the same sp3 

carbon composition of 15% as GUITAR predict the formation of inter-planar bonds in a 

layered graphite-like morphology. [16,17] Thus a possible hypothesis is that decreased 

electrolyte intercalation is from inter-planar bonds that prevent this process from occurring, 

increasing the corrosion resistance of GUITAR relative to graphites. [19] Future investigations 

will examine this hypothesis.  

Figure 1.8. X-ray diffraction (XRD) analysis of (A) GUITAR and (B) Highly ordered pyrolytic 
graphite (HOPG). 
 

1.3.11 The Role of Carbon Hybridization in the Corrosion of GUITAR: Tafel Studies  

In contrast to graphene and graphites, the anodic potential limit of GUITAR is similar to 

materials containing sp3-hybridized carbon. These include BDD, diamond-like carbons (DLC) 

which are primarily sp3-C, and a-C which have various ratios of sp2 and sp3 carbons. 
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[5,6,7,19,96,97,98,99,100] The sp2/sp3 ratio plays a strong role in the electrochemical 

behavior of a-C electrodes. [5,7,97] As discussed in the Introduction, as that ratio increases, 

the HET kinetics for Fe(CN)6
3-/4- improve. On the other hand, increasing sp2/sp3 typically 

decreases resistance to corrosion. [5,7] The sp2 content of GUITAR was established above as 

85% by XPS. Relative to other anodically stable carbon materials, this is high and thus GUITAR 

would be expected to have lower resistance to corrosion relative to high sp3 carbon materials, 

albeit with superior HET rates. Classical Tafel studies allow for the quantitative assessment of 

corrosion. Tafel studies were therefore conducted on GUITAR in 1.0 M H2SO4 using BP-

pyrolytic graphite as a control, with the results shown in Figure 1.9. 

 

Extrapolations of the Tafel plots for GUITAR in 1.0 M H2SO4 give an icorr (corrosion current) of 

2.4 ± 1.5 x 10-8 A/cm2 and Ecorr (corrosion potential) of 126 ± 15 mV vs. Ag/AgCl (both icorr and 

Ecorr are given as average ± standard deviation for 5 measurements). For comparison, the 

Figure 1.9. Tafel plots obtained at 1 mV/s for basal plane pyrolytic graphite (BPPG) and basal 
plane GUITAR in 1.0 M H2SO4. Extrapolation of Tafel plot to give icorr and Ecorr are shown along 
with the electrochemical reactions for the anodic and cathodic branches. Both BPPG and 
GUITAR exhibit the formation of a passivation layer. 



21 
 

 
 

BPPG sample gave icorr of 1.9 x 10-5 A/cm2 and Ecorr of -40 mV vs. Ag/AgCl respectively, these 

values are typical of graphite electrodes. [10,101,102] The rate of corrosion for GUITAR is 

three orders of magnitude lower than the pure sp2 material. The passivation layers evident 

in the Tafel plots for BPPG and GUITAR arise from the formation of oxide layers that inhibit 

electron transfer. These behaviors are typical for carbon electrodes. [10,101,102,103] 

Figure 1.10A demonstrates the trend of corrosion rates increasing with sp2 content for 

GUITAR and literature a-C and graphitic electrodes. [8,9,14,104,105,106,107,108] 

Figure 1.10. 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 (30-85% sp2) and graphitic (100% sp2) carbons. HOPG and BPPG age over time in 
air or solution, which eventually lowers the HET rates. 
 

A linear relationship between log icorr and % sp2-C is evident from the trend for amorphous 

and graphitic carbons. BDD (sp3-C) electrodes do not conform to this trend. GUITAR is an 

outlier relative to that linear trend, exhibiting more resistance to corrosion than expected. Its 



22 
 

 
 

deviation from that trend is about 1.5 orders lower than what would be predicted for an a-C 

of GLCH with 15% sp3-C content. This is unexpected given its wider d-spacing (0.350 nm) 

relative to graphite (0.335 nm).  

Figure 1.10B illustrates the trend between the extent of sp2 hybridization and literature 

Fe(CN)6
3-/4- HET rates (k0, cm/s), which reach a maximum at 85% sp2-C. 

[5,6,25,31,55,98108,109,110,111,112,113,114,115,116]. The literature values were obtained 

by Nicholson’s method or DigiSim software as explained in the Experimental. [24] The BDD 

electrodes again fall outside the trends associated with the a-C to graphite series. The wide 

variation of the performance of the 100% sp2-C material is based on aging effects that lower 

HET rates with exposure time to air or solution. [32] It is noteworthy that such effects are 

much less pronounced with the BP of GUITAR. [19] The MWCNT closest to the k0 of BP-

GUITAR (0.03 cm/s) is an edge plane material, and edge plane materials are known to exhibit 

faster HET rates compared to basal plane materials. [30,31] The nc-graphene electrode close 

to the k0 of GUITAR also consists of ~85/15 sp2/sp3, in that case the investigators attribute 

that behavior to edge planes exposed to solution. [55] The investigators did not conduct Tafel 

icorr analyses of their materials, but it is expected to match the performances of GUITAR based 

on their potential window of 3.2 V at 500 µA/cm2 in 0.05 M H2SO4. Overall, in the literature 

search of this contribution, GUITAR maintains excellent performance matching BDD for its 

combination of excellent HET rate and high resistance to corrosion. Furthermore, it is 

expected that GUITAR will have lower production costs than many of the other carbon 

materials of Figure 1.10. 
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1.4 Conclusions  

Relative to other methods of depositing a-C films, the method described in this contribution 

is significantly less expensive and simpler. It is expected that GUITAR will prove to be more 

economically viable for large-scale implementation relative to BDD. The latter requires high 

cost substrates, while GUITAR utilizes an inexpensive starting material (vegetable oil) that can 

be deposited on a variety of common substrates, including carbon fiber and stainless steel. It 

produces a graphitic film referred to as GUITAR, which, based on density measurements, 

elemental analysis, XPS, Raman spectroscopy, hardness, TGA, and XRD, indicates that GUITAR 

is a material intermediate of nc-Graphite and GLCH. It maintains the layered configuration of 

graphite, a morphology not seen with other amorphous carbons, but predicted by a 1989 

computational analysis of a material with the identical composition of GUITAR. Significantly, 

that model predicts a higher DOS at the Fermi-level for this type of material than crystalline 

graphites, which may form the basis for the observed higher HET rates at its BP over graphites 

and graphenes. The XRD and a previous Raman analysis indicate that GUITAR has a grain size 

(La) of about 1.5 nm. This would increase the disorder within the BP and the DOS in GUITAR. 

Both the sp2-C content of 85% and the wider d-spacing (0.350 nm) relative to graphites (0.335 

nm), seem to run contra to the observed low rate of corrosion by Tafel analysis, which gave 

2.4  10-8 A/cm2. This is one of the lowest rates measured on any electrode material. An 

unexplored hypothesis is the formation of inter-planar bonds that would limit the 

intercalation of electrolytes, which is the nascent phase of corrosion. Compared to existing 

materials greater than 30% sp2-C (a-C to graphite), GUITAR offers the highest performance in 
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terms of both resistance to corrosion and HET kinetics, matching the best examples of BDD 

in performance, with added versatility and lower cost.  
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Chapter 2: Application of GUITAR in Energy Storage 
 

“Application of GUITAR on the Negative Electrode of the Vanadium Redox Flow Battery: 

Improved V3+/2+ Heterogeneous Electron Transfer with Reduced Hydrogen Gassing.” C - 

Journal of Carbon Research 2016, vol. 2, no. 13, pp. 1-10. 

 
 
Abstract 

GUITAR (Graphene from the University of Idaho Thermolyzed Asphalt Reaction) has the 

classical basal and edge plane morphology of graphites and thin layer graphenes with similar 

XPS, Raman and IR characteristics. However previous investigations indicated GUITAR is 

different electrochemically from graphenes and classical graphites. GUITAR has faster 

heterogeneous electron transfer across its basal plane and an electrochemical window that 

exceeds graphitic materials by 1 V. These beneficial properties are examined for application 

in the negative electrode of the vanadium redox flow battery (VRFB). Graphitic materials in 

this application suffer from hydrogen gassing and slow electron transfer kinetics for the V2+/3+ 

redox couple. Cyclic voltammetry of the V2+/3+ redox couple (0.05 M V3+ in 1 M H2SO4) on bare 

KFD graphite felt gives an estimated standard rate constant (k0) of 8.2×10-7 cm/s. The GUITAR-

coated KFD graphite felt improves that quantity to 8.6×10-6 cm/s. The total contribution of 

the cyclic voltammetric currents at -1.0 V vs. Ag/AgCl to hydrogen evolution is 3% on GUITAR-

coated KFD graphite felt. On bare KFD graphite felt, this is 22%. These results establish 

GUITAR as an excellent alternative material for the negative electrode in the vanadium redox 

flow battery. 
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2.1 Introduction 

GUITAR (Graphene from the University of Idaho Thermolyzed Asphalt Reaction) is a 

hypothesized new allotrope of carbon that offers many advantages over other conventional 

carbon-based materials in electrochemical applications [1,2]. When compared to graphite, 

graphene and other planar lamellar carbon materials, GUITAR possesses significantly faster 

electron transfer kinetics on the basal plane (BP), which serves as the most practical electrode 

surface in most applications [1]. Electron transfer at the surface of graphite is seen to be more 

favored at the terminating edges and grain boundaries as compared to the basal plane. This 

behavior is not observed with GUITAR. In previous work, we demonstrate that the kinetics of 

both the edges as well as the planar surfaces of GUITAR are equally fast in Fe(CN)6
4-/3-, which 

is one of several properties which gives GUITAR a significant advantage over other carbon 

electrode materials in electrochemical applications [1]. The facile heterogeneous electron 

transfer (HET) rate of Basal Plane-GUITAR (BP-GUITAR) is attributed to increased density of 

electronic states (DOS) from the structural defects within its molecular planes [1]. Also of 

great interest is GUITAR’s large potential window for operation [1]. On the cathodic side, 

GUITAR’s overpotential for hydrogen evolution exceeds other graphitic materials [1]. On the 

anodic side, GUITAR exhibits high resistance to corrosion and oxygen gassing. Taken together, 

GUITAR has a 3 V aqueous electrochemical window at 200 µA/cm2, which is similar to boron 

doped diamond electrodes and exceeds other graphitic materials by 1 volt [2–5]. These 

properties make GUITAR ideally suited for applications in batteries, fuel cells, ultracapacitors, 

water purification, solar energy conversion devices, and electrochemical sensors [2].  
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Redox flow batteries (RFB) offer economical advantages and will find applications in grid-level 

power buffering [6–8]. RFBs are also free from the constraints of cycle-life limitations and are 

ideally suited for electrical energy storage applications including frequency regulation, load 

following, peak shaving and energy time shift [6,8,9]. The all-vanadium redox flow battery 

(VRFB) is a promising RFB and is based on the reactions of V3+/2+ and V4+/5+ [10]. VRFB’s possess 

high efficiency operation as evidenced by fast response rates, deep discharge levels, long life 

and high discharge rates, while maintaining very low self-discharge rates. One particular 

advantage over several other redox flow batteries is that the cross mixing of anolytes and 

catholytes will not result in severe catastrophic reactions, as both contain vanadium ions [10–

13]. To increase power and energy densities, all flow batteries require both fast HET rates as 

well as minimized parasitic electrode reactions. In the negative cell of VRFB, two major issues 

are of concern: (i) slow HET rates with the V3+/2+ redox couple and (ii) parasitic hydrogen 

evolution [14–16]. A consequence of the former is low power density and low energy 

efficiency whereas the latter results in a loss in both coulombic and energy efficiency of the 

battery [17]. Parasitic evolution of hydrogen gas can interrupt the electrolyte flow, lead to 

changes in the pH, increase the cell resistance and finally dissipate the total energy [11,17,18]. 

Formation of hydrogen gas bubbles on negative electrode also blocks the electrode surface 

for V3+/2+ HET [14]. Approximately 5-25% of charging current is lost due to the parasitic 

hydrogen evolution at negative half of the VRBs. These hydrogen evolution percentages are 

calculated based on the given values/graphs in literature [17-21]. Therefore, minimization of 

parasitic hydrogen evolution in negative cells is critical for a durable and economically viable 
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VRB. It is notable that GUITAR has a hydrogen overpotential of 900 mV vs. SHE in 1 M H2SO4 

which exceeds graphite by over 300-500 mV [22].  

In order to increase V3+/2+ HET rates, the electrode material should have a high surface area 

but also be mechanically and chemically stable [20,23,24]. Active research is going on to 

identify such materials with the greatest focus being on carbon and graphite felts [25–28]. 

These electrodes offer cost effectiveness but suffer from slow V3+/2+ HET rates and from 

significant parasitic hydrogen evolution [17,29]. In previous investigations GUITAR exhibited 

facile HET rates with Fe(CN)6
3-/4- and Ru(NH3)6

2+/3+ redox couples [22,30]. In this investigation, 

we assess the HET rate constant for V3+/2+ redox system and contribution of hydrogen 

evolution on the overall voltammetric current on GUITAR flake, KFD graphite felt and GUITAR 

coated KFD graphite felt electrodes. 
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2.2. Results and Discussion 

2.2.1. GUITAR Coated Graphite Felt Electrode 

Electrode materials used in the VRFB are often carbon and graphite felts, which have 

relatively high surface area and allow for electrolyte flow through the fibers [20,31-33]. In 

this investigation, KFD graphite felt (Figure 2.1A) was examined as an electrode material for 

VRFBs. Figure 2.1C shows the GUITAR-coated KFD graphite felt material (GUITAR/KFD), which 

has the metallic luster seen in previous studies using flat electrode configurations. Figure 2.1B 

is a photograph of graphite exposed to the same temperatures as the TAR but without roofing 

tar precursors, which shows noticeable contraction. In order to determine the depth of 

deposition, scanning electron microscopy (SEM) was conducted on as-received and GUITAR-

coated KFD graphite felt (Figure 2.2). Fiber thickness of the bare felt measured in this work is 

within literature range and is measured as 8.70±0.46 µm (n=10) [34]. Deposition of GUITAR 

results in an increase in fiber thickness to 12.34±0.34 µm (n=10) indicating an estimated 

depth of the deposited GUITAR layer of 1.8 µm. Also notable is that deposition of GUITAR 

apparently fills pores and smoothens the graphite felt fibers (Figure 2.2). The “smooth” (or 

true) surface areas of the KFD graphite felt and GUITAR/KFD were calculated assuming the 

felt electrode is made up of cylindrical graphite fibers as considered in Smith et al. [35] (more 

detail in supporting information, Table 2.S1). The “smooth” surface area is found to be 64.4 

cm2 per cm2 geometric area for KFD graphite felt and 61.6 cm2 per cm2 geometric area for 

GUITAR-coated KFD graphite felt. The electrochemical surface area (ECSA) of the KFD graphite 

felt and GUITAR/KFD felt electrodes were estimated from the Randles-Sevcik equation [36] 

using cyclic voltammograms on the electrodes in 1 mM Fe(CN)6
3-/4- (see Table 2.S2). The 
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electrochemical surface area (ECSA) of the KFD graphite felt was obtained as 61.5 cm2 per 

cm2 geometric area which is consistent with theoretical value. However, for GUITAR/KFD felt, 

the ECSA is 50.6 cm2 per cm2 geometric area which is around 15% less than the true surface 

area.   

 
Figure 2.1. Photograph of (A) untreated graphite felt (geometric area 1 cm2) (B) the same 
material heated for 25 min in the absence of GUITAR starting material and (C) GUITAR‐coated 
graphite felt (geometric area 1 cm2). 
 

Figure 2.2. Scanning electron micrographs of as‐obtained graphite felt (A,C) and GUITAR‐
coated graphite felt (B,D). Average thicknesses for as‐obtained graphite felt (A,C) is obtained 
as 8.70±0.46 μm (n=10) and for GUITAR‐coated graphite felt (B,D) is 12.34±0.34 μm (n=10). 
 

A                              B                                    C 
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2.2.2. Estimation of Hydrogen Overpotential by Cyclic Voltammetry in 1 M H2SO4  

Cathodic limits at 200 µA/cm2 in 1 M H2SO4 for graphitic materials lie between -0.3 V to -0.5 

V (vs. SHE) (See Table 2.1 and references therein). The cathodic limit for a flat GUITAR 

electrode is -0.9 V (vs. SHE) as obtained from the cyclic voltammogram. This is similar to a 

previous study with GUITAR electrodes [22]. On the graphite felt electrode of this study, the 

hydrogen wave onset is estimated at -0.4 V (vs. SHE) at 200 µA/cm2 and lies within the range 

of literature graphitic materials. It is important to note that the cathodic limit of the felt 

electrodes, both bare and GUITAR-coated is calculated based on the true surface area. On 

the GUITAR-coated graphite felt electrode, the hydrogen wave onset potential is -0.75 V (vs. 

SHE), a 350 mV increase in overpotential relative to the bare felt. 

 

Table 2.1. Cathodic potential limits (vs. SHE) at 200 μA/cm2 for various carbon materials in 
1M H2SO4 as measure by cyclic voltammetry at 50 mV/s. The number of runs (n) and the 
standard deviations are also reported. 
 

Material Cathodic Limit (V) vs. SHE Reference 

GUITAR −0.90 ± 0.07 (n = 5) This work 

GUITAR/KFD graphite felt −0.75 ± 0.05 (n = 5) This work 

Pyrolytic Graphite −0.52 ± 0.06 [22] 

KFD Graphite felt −0.40 ± 0.05 (n = 5)  This work 

Graphite* −0.4 to −0.5 [3–5] 

Glassy carbon −0.3 to −0.5 [3–5] 

* Graphite includes highly ordered pyrolytic graphite (HOPG) and exfoliated graphite. 

 

2.2.3. Estimation of V3+/2+ HET Rates by Cyclic Voltammetry (CV) 

The HET rates of V3+/2+ redox couple is relatively slow on most graphitic materials (see Table 

2.2). The sequence of CV curves for the V3+/2+ (0.050 M VCl3, 1 M H2SO4) redox couple on flat 
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GUITAR flake, bare KFD graphite felt, and GUITAR-coated graphite felt electrodes are shown 

in Figure 2.3A-C, respectively. Scan rate variation on KFD graphite felt and GUITAR/KFD felt 

electrode in 1 mM Fe(CN)6
3-/4- (in 1 M KCl) showed semi-infinite diffusion behavior (where 

peak current is proportional to the square root of scan rate) at and above 75 mV/s (Figures 

2.S1 and 2.S2). Cyclic voltammograms were recorded at a scan rate of 200 mV/s to avoid the 

thin layer voltammetry (where peak current is directly proportional to the scan rate) [37]. The 

cathodic peak current density is 25±2 mA/cm2 (n=3) on the flat GUITAR electrode (Figure 

2.3A) at -1.2 V (vs. Ag/AgCl). The peak current density is measured based on geometric area 

of the electrode. This corresponds to a standard rate constant (k0) of 4.8×10-6 cm/s when 

modelled through Digisim software. For the bare KFD felt electrode, the cathodic peak 

current density is 150±10 mA/cm2 (n=3) (Figure 2.3B) at -1.2 V (vs. Ag/AgCl) which 

corresponds to a modelled standard rate constant (k0) of 8.2×10-7 cm/s. For the GUITAR-

coated KFD felt electrode, the cathodic peak current density is 420±20 mA/cm2 (n=3) at -1.2 

V (vs. Ag/AgCl) which corresponds to a modelled standard rate constant (k0) of 8.6×10-6 cm/s 

that is 10 times faster than the k0 for the bare KFD graphite felt system (Figure 2.3C). This is 

despite the apparent decrease in true surface area with GUITAR-coated KFD electrodes (61.6 

cm2/cm2 geometric area). HET rates are much faster than the bare KFD graphite felt systems 

(64.4 cm2/cm2 geometric area). The GUITAR-coated KFD electrode exhibits significantly 

higher current density over the bare KFD felt (Figure 2.3B and C). This improvement in HET 

rates with GUITAR/KFD electrodes was discussed in a previous publication [22].  
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Graphitic materials have a well-known anisotropy in HET rates between the basal and edge 

planes. In general, the edge plane (EP) is much faster at these rates by several orders of 

magnitude over the basal plane (BP) [38,39]. This is very acute in crystalline graphites where 

the density of electronic states near the Fermi level is very low [38]. Also noteworthy is that 

the majority of exposed graphitic surface of KFD fibers is expected to be basal plane in nature. 

In previous investigations, the BP-GUITAR was found to have HET rates for Fe(CN)6
4-/3- similar 

to those of its EP-GUITAR and EP-graphites. The k0 rates for BP-GUITAR (10-2 cm/s) surpasses 

those for BP-highly oriented pyrolytic graphite (HOPG) and BP-graphene by five or more 

orders of magnitude [1,22]. The V3+/2+ redox couple does not exhibit enhanced HET kinetics 

on the BP-GUITAR as opposed to literature BP-HOPG (Table 2.2), with both being about 10-6 

cm/s. McCreery classifies the V3+/2+ as a redox species whose HET rates are catalyzed by 

surface oxides [40]. Elemental analysis of GUITAR by XPS reveals that it has a low surface 

oxygen content [30]. Modification of the GUITAR surface with oxide group for improved HET 

rates will be a focus of future investigations. 
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Figure 2.3. Cyclic voltammograms of background (in 1 M H2SO4, solid line) and V3+/2+ (0.05 M 
in 1 M H2SO4 dashed lines) obtained at the (A) flat GUITAR electrode (0.10 cm2), (B) KFD 
graphite felt electrode (geometric area 0.16 cm2), and (C) GUITAR/KFD graphite felt electrode 
(geometric area 0.10 cm2). All cyclic voltammograms were obtained at a scan rate of 200 
mV/s. The percentage H2 evolutions on different electrodes at different potentials (V) are 
shown in (D). 
 

2.2.4. Percentage Hydrogen Evolution 

Figure 2.3D shows hydrogen production as a percentage of total current. The percent of 

hydrogen evolution was calculated as the ratio of background current (in 1 M H2SO4) to V3+ 

reduction current (0.05 M V3+ in 1 M H2SO4) at a scan rate of 200 mV/s on three electrodes. 

These are estimated from the cyclic voltammetric waves in Figure 2.3. At −1.0 V, the 

percentage of hydrogen evolution on flat GUITAR and GUITAR/KFD graphite felt electrodes 

are observed as 1% and 3%, respectively. On bare KFD graphite felt, 22% of the total current 

is attributable to hydrogen production (Figure 2.3D and Table 2.3). When compared to 

literature, GUITAR flake and GUITAR‐coated KFD graphite felt electrodes are the lowest 
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reported for the fraction of the total cathodic current diverted to hydrogen evolution. This 

high overpotential for hydrogen evolution is not well understood and was reported in a 

previous publication [22]. The hydrophobicity of GUITAR may diminish proton adsorption on 

its surface. The detailed mechanism of this behavior, however, is not well understood and is 

a subject of future study. Table 2.3 highlights the relevant literature. The fraction (as percent) 

of the total current that evolves hydrogen ranges from a few % to greater than 50%. These 

values are stated within the publication or calculated from the data in the respective figure 

mentioned in the table. No other materials approach GUITAR’s performance of 1% hydrogen 

current at -1.0 V (vs. Ag/AgCl) in 1 M H2SO4. 

Table 2.2. Comparison of standard heterogeneous electron transfer rate constants for V3+/2+ 
redox at various carbon materials. See Figure 2.3 for corresponding cyclic voltammograms. 
 

Material Geometric 
Surface Area 
(cm2) 

True 
Surface 
Area 
(cm2) 

HET rate constant 
(k⁰) for V3+/2+ 
(cm/s) 

Ref.  

GUITAR/KFD graphite felt 0.10  6.1  8.6×10−6  This 
work 
 

GUITAR flake 0.10  0.10  4.8×10−6 

KFD graphite felt 0.16  10.3 8.2×10−7  

Non-porous flat electrodes 

Edge plane pyrolytic 
graphite 

  3.5×10−5-5.5×10−4 [21,41] 

Glassy carbon 0.07  1.7×10−5-5.4×10−5 [21,41] 

Basal plane highly ordered 
pyrolytic graphite 

0.02  <3.0×10−6 [42] 

High surface area electrodes  

Graphite reinforcement 
carbon 

0.08  4.8×10−3-9.7×10−3 [26] 

Plastic formed carbon   5.3×10−4 [41] 

Carbon felt 3.0  1.5×10−7 [14] 

Carbon paper  0.13  128 1.07×10−3-
3.28×10−3 

[21] 
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Table 2.3. Comparison of H2 evolution as a percentage of total current at different carbon 
electrodes. See Figure 2.3 for the corresponding cyclic voltammograms. The specific 
potentials and V3+ and H2SO4 concentrations are noted. 
 

Material % H2 Potential (V) 
vs. Ag/AgCl 

Conditions How Calculated? 
and Ref. 

GUITAR flake 1 −1.0  0.05 M V3+  
1 M H2SO4 

Figure 3 
This work 0.3 −0.8  

GUITAR coated KFD 
graphite felt  

3 −1.0  

0.5 −0.8  

KFD graphite felt 22 −1.0  

14 −0.8  

Graphite 78 −1.0 vs. SCE 0.1 M V3+  
2 M H2SO4 

Stated 
[17] Fig. 2b 22 −0.8 vs. SCE 

Graphite 20 −0.65 vs. SCE 1 M V3+ 
5 M H2SO4 

Calculated 
[43] Fig. 1a,b 

Graphite felt 5–8 −0.65  0.05 M V3+  
1 M H2SO4 

Calculated 
[19] Fig. 2b,4 

Carbon felt 20  2 M V3+  
2.5 M H2SO4 

Stated  
[44] Fig. 6b 

Glassy carbon 80 −1.0 vs. SCE 0.08 M V3+  
1.8 M H2SO4 

Calculated  
[45] Fig. 2 

Porous carbon paper 10–22  1 M V3+  
H2SO4:HNO3=3:1 

Stated 
[46] Table 5 

Carbon nanotubes 15 −0.65 vs. SCE 1 M V3+  
5 M H2SO4 

Calculated 
[44] Fig. 1a,b 

WO3/ASC/CP* 5–9  0.05 M V3+  
3 M H2SO4 

Stated 
[47] Table 3 

Titanium 
nitride/Carbon paper 

12 −0.7 vs. SCE 0.1 M V3+, 
1 M H2SO4 

Calculated 
[33] Fig. 2 

Graphite plate 10 −0.75 vs. SCE 1.6 M V3+  
3 M H2SO4 

Calculated 
[32] Fig. 3,6 

* Carbon paper coated with super activated carbon supported tungsten trioxide. 
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2.3. Materials and Methods 

Materials and chemicals: Graphite felt (KFD 2.5 EA type, with a thickness of 2.5 mm) was 

donated by SGL Carbon Company (St. Marys, PA, USA). Sulfuric acid (96.3%) was obtained 

from the J.T Baker Chemical Co. (Phillipsburg, NJ, USA). Vanadium (III) chloride (97%) was 

obtained from Sigma-Aldrich (St. Louis, MO, USA). Ethyl alcohol (99.5%) was obtained from 

Pharmco Products Inc. (Brookfield, CT, USA). Potassium chloride was obtained from Fisher 

Scientific (Waltham, NJ, USA) and potassium ferricyanide was obtained from Acros Organics 

(Morris Plains, NJ, USA). Black-Jack All Weather Roof Cement (Gardner-Gibson, Inc. Tampa, 

FL, USA) was used as GUITAR precursor. A quartz tube was obtained from Technical Glass 

Products, Inc. (Painesville Twp., OH, USA), cut into small wafers (approximately 20 mm × 6 

mm), and used as GUITAR deposition substrate. Copper alligator clips (model: CTM-34C) were 

obtained from Cal Test Electronics (Yorba Linda, CA, USA). Paraffin wax (Gulf wax) was 

obtained from Royal Oak Enterprises (Roswell, GA, USA). All aqueous solutions were prepared 

with deionized water which was purified by passage through an activated carbon purification 

cartridge (Barnstead, model D8922, Dubuque, IA, USA). 

Electrode fabrication and electrochemical cell setup: GUITAR was synthesized as described 

by previous procedures through the thermolyzed asphalt reaction (TAR) [2,30,48]. Deposition 

of GUITAR onto graphite felt was achieved by this method [30,48]. Graphite felt strips were 

placed into the crucible prior to the TAR method which allowed GUITAR deposition on the 

felt fibers. An aliquot of 30 g of roofing tar was used to coat a single batch of graphite felt (3 

pieces, each of 15mm×5 mm). The coating process took 30-35 min. Both the KFD felt and 

GUITAR/KFD felt electrodes were encased with paraffin wax in order to obtain a specific 
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geometric area. Ohmic contact was made with a copper alligator clip (Figure 2.S2). Electrodes 

were then made hydrophilic prior to any voltammetric measurements. This was achieved by 

washing in ethanol, rinsing with deionized water, followed by agitation in the electrochemical 

cell solution as proposed by Smith et al. [35]. All electrochemical studies were conducted in 

a three-electrode undivided cell with a reticulated vitreous carbon basket counter electrode 

(Bioanalytical Systems, Inc. West Lafayette, IN, USA) and an Ag/AgCl/3M NaCl (aq) (0.209 V 

vs. SHE) reference electrode. Cyclic voltammetry (CV) was carried out using a Bioanalytical 

Systems CV-50W potentiostat (West Lafayette, IN, USA). The supporting electrolytes (1 M 

H2SO4) were de-aerated by bubbling with N2 (g) for 15 min before addition of VCl3. All the 

solutions were de-aerated by purging with N2 (g) for at least 15 min before recording cyclic 

voltammograms. 

Modelling of Cyclic Voltammetric Curves: The standard rate constants (k0, cm/s) were 

determined by modeling experimental voltammograms with Digisim version 3.03b software 

(Bioanalytical Systems, Inc. West Lafayette, IN, USA). All CVs were corrected for background 

hydrogen waves. The transfer coefficient (α) is assumed as 0.5 as used in modelling of V3+/2+ 

HET rates in literature [21,49]. The modeling software converged on a diffusion coefficient of 

6×10-6 cm2/s which is also within the range reported in literatures (1.4×10-6 to 8.4×10-6 cm2/s) 

[21,45,49]. Semi-infinite linear diffusion system was considered during the simulation. The 

half wave potential (E1/2 = ½ (Epc + Epa)) was calculated as -0.490 V. Scan rate and 

concentrations (for V3+) used were 0.2 V/s and 0.05 M, respectively. The uncompensated 

solution resistances were considered as 1.0 Ω for both the KFD felt and the GUITAR/KFD felt 

and 15.0 Ω for GUITAR flake during the simulation and were measured using the potentiostat.  
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2.4. Conclusions 

This investigation indicates that the application of GUITAR coatings to existing carbon 

materials for the negative electrode of the VRFB is a viable method for the reduction of 

parasitic hydrogen gassing as well as increasing the slow HET rates for V3+/2+. The HET rate for 

V3+/2+ (0.05 M V3+ in 1 M H2SO4) on GUITAR-coated KFD felt is 10 times faster than that of the 

bare KFD graphite felt with a total current that contributes only 3% hydrogen evolution at -

1.0 V (vs. Ag/AgCl). Future endeavors will examine the mechanism for V3+ reduction, the 

observed decrement of hydrogen evolution at the negative electrode, as well as the positive 

(V5+/4+) electrode reactions on GUITAR surface. 
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Supporting Information 
 
 

Calculation of “smooth” (or true) surface area of KFD graphite felt and GUITAR/KFD felt:  

In regard to the Smith et al [1] calculation method (equation 1 to 3 therein) our values are 

given in the table below- 

Table 2.S1: Values for calculation of “smooth” (or true) surface area of KFD graphite felt and 
GUITAR/KFD felt. 
  

 KFD graphite felt GUITAR/KFD felt 

Density of the felt (g/cm3) 1.8  [Ref. 1] 1.8  [Ref. 1] 

Radius of the graphite fiber (μm) 4.35 6.17 

Areal weight of the felt (g/cm2) 0.025a 0.034b 

Total volume of the graphite fiber (cm3)  
(Vgf = m/dgf) 

0.014 0.019 

The equivalent length of the graphite fiber 
(cm) 

(Vgf = πr2Lgf) 

23562.4 15894.7 

“Smooth” surface area of the felt (cm2) 
(Agf = 2πrLgf) 

64.4 61.6 

a = Reported by SGL Group, b = Measured 

 

Determination of electrochemical surface area of KFD graphite felt and GUITAR/KFD felt 

using Randles–Sevcik equation:  

Randles-Sevcik equation for a reversible process is Ip = 268,600 n3/2AC√(Dv) 

Where, Ip = Peak current (A) 

n = # of electron transferred in the redox process 

A = Electrochemical surface area of the electrode (cm2) 

C = Concentration of the redox species (mol/cm3)  

D = Diffusion constant of the redox species (cm2/s) 

v = Scan rate (V/s) 
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A plot of Ip vs √v gives slope which is equal to 268,600 n3/2AC√D from which the 

electrochemical surface area (A) of the electrode can be calculated and shown in table 2.S2. 

The Ip vs √v for both the KFD graphite felt and GUITAR coated KFD graphite felt electrode are 

shown in figure 2.S1 (in 1 mM Fe(CN)6
3-/4- in + 1 M KCl). For Fe(CN)6

3-/4-, n = 1, C= 1×10-6 

mol/cm3 and D = 7.26×10-6 cm2/s [2].  Both the felts were made hydrophilic using ethanol as 

described in Smith et al before use. 

 

Table 2.S2: Values for determination of electrochemical surface area of KFD graphite felt and 
GUITAR/KFD felt using Randles-Sevcik equation. 
  

 KFD graphite felt GUITAR/KFD felt 

Slope of the Ip vs √v plot 0.0089 0.0055 

Electrochemical surface area of the felt 
(cm2) 

(slope = Ip/√v = 268,600 n3/2AC√D) 

12.3 7.6 

Geometric area of the felt (cm2) 0.20 0.15 

Electrochemical surface area of the 
felt/cm2 of geometric area (cm2) 

61.5 50.6 

 

 

Scan rate variations on KFD graphite felt and GUITAR/KFD felt: 

To distinguish between finite-length (thin-layer) and semi-infinite diffusion behavior on the 

felt electrodes. Cyclic voltammetry of 1 mM Fe(CN)6
3-/4- (in 1 M KCl) was performed at 

potential sweep rates (v) between 0.01 to 0.6 V/s (Figure 2.S1). Figure 2.S2 provides the 

analysis. Thin-layer behavior gives peak current (Ip) α v (see Equation 11.7.17 Ref. [3]), 

whereas semi-infinite linear diffusion gives Ip α v1/2 (Equation 6.3.8 Ref. [3]). At 200 mV/s the 

current was found to be within the v region where semi-infinite linear diffusion predominates 

to the electrode surface.  
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Figure 2.S1. Cyclic Voltammetric scan rate variation on in 1 mM Fe(CN)6
3-/4- (in 1 M KCl) at 

0.6, 0.4, 0.2, 0.1, 0.075, 0.05, 0.025 and 0.01 V/s. (A) on KFD felt electrode and the 
corresponding Ip vs v (C). (B) on GUITAR/KFD felt electrode and the corresponding Ip vs v (D) 
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Figure 2.S2. Analysis of cyclic voltammetric peak currents of Figure 2.S1 for thin layer vs. semi-
infinite linear diffusion characteristics. (E) Ip vs. v1/2 on KFD felt electrode, (F) Ip vs. v1/2 on 
GUITAR/KFD felt. (G) Ip vs. v on KFD felt electrode, (H) Ip vs. v on GUITAR/KFD felt. Thin-layer 
cell characteristics were found to predominate below 50 mV/s (see Plots G and H). Semi-
infinite linear diffusion was found to predominate over 0.075 V/s (see Plots E and F) 
 

Working electrode set-up: 

Figure 2.S3 shows the working electrode set-up  

 

Figure 2.S3. Working electrode set up. 
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Chapter 3: Application of GUITAR in Anodic Sensing 
 
“Electrochemical Determination of Chemical Oxygen Demand (COD) on Functionalized 

Nanocrystalline Graphite Electrodes (GUITAR).”  Talanta 2019 (To be submitted). 

 

Abstract 

A modified form of nanocrystalline-graphite electrodes from the University of Idaho 

thermolyzed asphalt reaction (GUITAR) with quinone-like surface functionalities (q-GUITAR) 

was examined as an anode for the sensing of chemical oxygen demand (COD). These quinone 

groups were verified by FT-IR and XPS along with cyclic voltammetry (CV). The XPS analysis 

indicated that the C/O atomic ratio of q-GUITAR is 1.4/1. This is one of the highest 

abundances of oxygen on the surface of a carbon material reported in literature. The 

apparent capacitance as measured by CV of q-GUITAR is 170 times greater in 1.0 M H2SO4 

than the pristine material. This is attributed to the more complete wetting of the porosity of 

the surface of q-GUITAR relative to the unmodified form. The Fe(CN)6
3-/4- redox probe was 

used to assess the effects of the quinone groups on heterogeneous electron transfer at the 

surfaces of the pristine material and q-GUITAR. The CV peak potential differences of 75 mV 

on GUITAR and 90 mV on q-GUITAR indicates a slightly higher barrier to electron transfer with 

this inner-sphere couple on the modified surface. The COD sensing performance of q-GUITAR 

was quantified with glucose, potassium hydrogen phthalate, lactic acid, and sodium dodecyl 

benzenesulfonate. At a constant potential of 1.6 V vs. Ag/AgCl q-GUITAR anodes have the 

largest linear range of 0-10000 ppm (as glucose) reported in literature. The limit of detection 

(40 ppm) and sensitivity are competitive with other electrode systems.   
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3.1 Introduction 

Nanocrystalline-Graphite from the University of Idaho Thermolyzed Asphalt Reaction 

(GUITAR) is a hypothesized new form of carbon [1,2,3,4,5,6,7,8]. While having morphological 

and spectroscopic similarities with graphites it differs in the electrochemical properties. 

These include fast heterogeneous electron transfer (HET) at the basal plane and excellent 

resistance to corrosion [1,4,5]. With Fe(CN)6
4-/3- redox probe, the basal plane (BP) of GUITAR 

has a standard rate constant (k0  10-2 cm/s) that surpasses graphene, graphites, carbon 

nanotubes (CNT), boron-doped diamond (BDD) and diamond-like carbon (DLC) by 1 to 8 

orders of magnitude [1,6]. In 1 M H2SO4 the sp2 hybridized carbon material GUITAR has 

comparable anodic limits with sp3 boron-doped diamond [1,5]. In these aspects GUITAR has 

possible applications as electrochemical sensors especially those requiring anodic stability.  

Chemical oxygen demand (COD) is defined as the number of oxygen equivalents consumed 

in the oxidation of organic compounds [9]. Determination of COD is important for water 

quality assessment and pollution control [10]. To meet environmental protection regulations, 

wastewater treatment plants as well as other industries (e.g., textiles, pharmaceutical, dairy, 

cosmetic, wood, paper, leather, food, etc.) are required to monitor COD levels of their 

effluents in a timely and accurate fashion [11,12]. The traditional technique determines COD 

by oxidative degradation of organics through volumetric redox titration with strong oxidizing 

agents such as dichromate or permanganate [9,10]. However, this method has some intrinsic 

drawbacks including large sample volumes, time-consuming reflux process (2-4 h), 

complicated handling, incomplete oxidation of volatile compounds, expensive reagents 

(Ag2SO4), corrosive (concentrated H2SO4) and toxic (Hg and Cr) chemicals along with health 
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and safety concerns [9,10]. Additionally, the reproducibility of results is heavily dependent 

on operator skill.  

Numerous efforts have been made to overcome these disadvantages by developing simple 

and rapid analytical approaches [9,10,11]. Emerging techniques for COD determination 

include electrochemical methods [14,15], photocatalytic method [11], and ultraviolet [16], 

fluorescence [17], chemiluminescence [18], and photoelectrochemical [19] spectroscopies. 

Electrochemical methods have received much attention due to the promise of a cost 

effective, portable, and rapid detector with continuous monitoring abilities and little or no 

sample preparation. This is through direct oxidation of the organics in aqueous electrolyte at 

an electrode via Reaction 3.1. 

CxHyNzOw + (n-y)/2 H2O → xCO2 + zNO2 + nH+ + ne-   (3.1) 

This process requires a corrosion resistant anode. As a result, present efforts have examined 

sensing electrodes based on boron doped diamond [15], copper [9], nickel [20], cobalt [21], 

titanium [22], and lead [23]. However, in most instances problems such as narrow linear 

range, material expense, and/or surface fouling were encountered. Inexpensive graphitic 

electrodes do not offer enough stability for anodic COD sensing as they are subject to 

corrosion at the electrochemical potentials for Reaction 3.1 [10]. For this study, the 

applicability of corrosion resistant GUITAR as an anode for electrochemical COD sensing was 

examined. This feature along with fast HET rates at its basal planes indicate strong 

possibilities for the continuous determination of COD.  
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3.2 Experimental 

Chemicals and Materials. Sodium sulfate (anhydrous) and potassium hydrogen phthalate 

were obtained from EMD Chemicals (Gibbstown, NJ, USA). D-glucose (anhydrous, granular) 

was obtained from Macron Fine Chemicals (Center Valley, PA, USA). Lactic acid solution 

(≥85% in H2O) and Sodium dodecyl benzenesulfonate were obtained from Sigma-Aldrich (St. 

Louis, MO, USA). Sulfuric acid (96.3%) was obtained from the J.T Baker Chemical Co. 

(Phillipsburg, NJ, USA). Potassium chloride was obtained from Fisher Chemical (Fair Lawn, NJ, 

USA). Potassium ferricyanide was obtained from Acros Organics (Morris Plains, NJ, USA). 

Graphite foils were obtained from John Crane Inc. (Chicago, IL, USA). Quartz tubes obtained 

from Technical Glass Products Inc. (Painesville Twp., OH, USA) were used as substrate for 

GUITAR synthesis. All aqueous solutions were prepared with deionized water purified by 

passage through an activated carbon purification cartridge obtained from Barnstead - model 

D8922 (IA, USA).  

Electrode Fabrication and Electrochemical Setup: GUITAR samples were synthesized as 

described in previous studies [1]. Electrode fabrication and geometric area isolation were 

performed as described previously [1].  All electrochemical studies were conducted in a three-

electrode undivided cell with graphite rod counter electrode and Ag/AgCl/3M NaCl (aq) 

(0.209 V vs SHE) reference electrode. Cyclic voltammetry (CV) was carried out using a 

Bioanalytical Systems (BAS) CV-50W potentiostat (West Lafayette, IN, USA). 

Electrode Characterization: IR spectra were recorded using Thermo Fisher Scientific Nicolet-

iS10 FT-IR spectrometer. The X-ray photoelectron spectroscopy (XPS) apparatus was built in-

house at the University of Idaho. XPS was performed in a vacuum chamber with a base 



65 
 

 
 

pressure of 1×10-10 torr. Measurements were made with the Al Kα emission line (1486.6 eV) 

and a hemispherical energy analyzer with a resolution of 0.025 eV. During spectral acquisition 

the samples were grounded and exposed to a 500 eV electron beam to eliminate spurious 

charging. All spectra were acquired at room temperature. The XPS peaks were fitted to the 

Gaussian curve after performing a Shirley background subtraction. For all the fitted peaks, 

the FWHM were kept to the same value. 

 

3.3 Results and Discussion  

Two different surfaces were examined for chronoamperometric COD sensing. These include 

pristine and electrochemically modified GUITAR surfaces. For the latter, this was conducted 

by application of +2.1 V for 150 sec followed by 15 cyclic voltammetric cycles from -0.7 V to 

+1.0 V at 50 mV/s in 1.0 M H2SO4. This procedure functionalized the surface of GUITAR with 

quinone-like moieties (q-GUITAR). This modification as well as optimization of q-GUITAR 

synthesis potential are described in detail in the Supplementary Information (Figure S1). The 

q-GUITAR surface has a bluish hue relative to the metallic appearance of GUITAR (see 

photographs in Figure 5). It is noteworthy that attempts at making quinone functionalized 

graphite under the same conditions for q-GUITAR fails as it gives mechanically unstable 

expanded layers that exfoliate in solution (see Figure S2). Unlike graphites, GUITAR does not 

undergo a dimensional expansion by electrochemical oxidation. The basal planes of graphites 

is penetrated by electrolytes which under oxidative potentials evolve CO2 and O2 gases which 

cause blistering, expansion, and pit corrosion [24].     
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3.3.1 Characterization of q-GUITAR 

Infrared and x-ray photoelectron spectroscopy (XPS) analyses indicate the attachment of 

oxygen containing functional groups on the surface of GUITAR by the electrochemical 

treatment. The FT-IR spectra of GUITAR and q-GUITAR are shown in Figure 1. The pristine 

material shows no discernable peaks while q-GUITAR has features indicating broad signals at 

3700-3000 cm-1 and peaks at 1726, 1620, 1185 and 1063 cm-1. These are attributed to C-O-H, 

C=O, aromatic C=C and C-O (1185 and 1063 cm-1) respectively [25].  An earlier study reveals 

that GUITAR contains 88% carbon and 12% hydrogen [1]. The XPS analysis on pristine GUITAR 

is discussed in a previous study. Only a C1s peak with two components, C=C at 284.2 eV (85%) 

and C-C at 285.4 eV (15%) is observed [1]. This material conforms to XPS of graphitic materials 

in the literature (See Table 3.1). The XPS spectrum on q-GUITAR is shown in Figure 2. The 

wide scan XPS spectrum on q-GUITAR shows O1s peak along with the C1s peak (Figure 2A). 

The deconvolved components of C1s peak in Figure 2B indicates a surface that consists of 

41% oxides (19% C-O at 285.9 eV, 11.8% C=O at 287.4 eV and 10.2% COOH at 288.8 eV). The 

total oxide concentrations of 41% (C:O atomic ratio 1.4:1) for q-GUITAR is one of the highest 

for a sp2 carbon material. In a previous study, q-GUITAR synthesized at 2.0 V (vs Ag/AgCl) for 

150 seconds followed by 15 cyclic voltammetric scans from -0.7 to 1.0 V at 50 mV/s in 1.0 M 

H2SO4 contained a total oxide concentrations of 34% (17.5% C-O, 9.1% C=O and 7.0% COOH) 

[26].  Literature graphene oxides (GO) range from 25 to 44% (see Table 3.1 and references 

therein). It is important to note that GO materials are formed by the chemical oxidation of 

graphite which delaminates into separated oxidized graphene layers. This is from the 

electrolyte intercalation mechanism described above. These layers are reassembled by 
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filtration forming layered graphene oxides. On the other hand, q-GUITAR maintains its 

dimensional integrity during oxidation. This feature along with resistance to corrosion and 

fast HET rates at the BP are indicators that GUITAR is a carbon form distinct from graphite.   

 
Figure 3.1. FT-IR spectra on pristine (bottom) and q-GUITAR (top). The peak assignments at 
3700-3000, 1726, 1620, 1185 and 1063 cm-1 are indicated in the figure. 

 

 
Figure 3.2. Wide scan XPS spectrum on q-GUITAR (A). Deconvolved components of C1s peak 
(B). 
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Table 3.1. Comparison of surface oxides content of GUITAR and q-GUITAR with graphite, 
reduced graphene and graphene oxides as measured by XPS.  
 

Material Oxygen 
(%) 

Carbon (%) C/O 
atomic 
ratio 

Ref. 

Total Carbon 
(%) 

sp2 (%) sp3 (%) 

GUITAR      - 88.0 (12.0% H)   85.0    15.0 N/A 1 

q-GUITAR  41.0 59.0      -       -  1.4/1 This work 

34.0 66.0      -      - 1.9/1 26 

Graphite 3.4 96.6   80.0    20.0 28.4/1 27 

Reduced 
Graphene 

3.0 97.0   75.0   25.0 32.3/1 27 

8.8 91.2   90.0    10.0 10.3/1 28 

16.6 83.4      -      - 5/1 29 

20.0 80.0   70.0    30.0 4/1 30 

Graphene 
Oxide 

25.6 74.4   77.8    22.2 2.9/1 31 

27.0 73.0   70.0    30.0 2.7/1 28 

32.5 67.5   40.0    60.0 2.1/1 27 

33.3 66.7   46.0    54.0 2/1 30 

43.8 56.2        -       - 1.3/1 29 

 

3.3.2 Surface Capacitance of q-GUITAR Relative to GUITAR 

In general, double layer capacitance is proportional to electrode surface area [32]. This 

quantity was measured for pristine and q-GUITAR in 1.0 M H2SO4 by cyclic voltammetry 

(Figure 3.3A). Non-faradaic current (i) gives capacitance (C) through C = i/ν, (where ν is 

potential sweep rate).  At 50 mV/sec, pristine GUITAR has a double layer capacitance of 15 

µF/cm2, a value that is close to other graphitic materials [33,34]. On the other hand, q-GUITAR 

has a double layer capacitance of 2,600 µF/cm2 at +0.1 V, corresponding to an increase of 170 
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times in surface area relative to pristine GUITAR. Potentials above +0.2 V in Figure 3.3A 

contains the quinone group faradaic current and was not considered in the calculation for 

capacitance. As discussed above, GUITAR is not subject to the corrosion mechanism endemic 

to graphites, therefore the increase in capacitance cannot be attributed to the exposure of 

the subsurface graphene planes. 

Figure 3.3. (A) Electrochemical double layer capacitance in 1.0 M H2SO4 and (B) peak to peak 
separation in 1.0 mM Fe(CN)6

3-/4- (in 1.0 M KCl) on pristine and q-GUITAR surfaces at 50 mV/s. 
 

An atomic forces microscopy investigation of the basal plane of GUITAR in a previous study 

indicates a wavy surface with random distribution of pores 10-50 nm in diameter and an 

amplitude of 20 nm [2]. It is likely that insertion of oxygen containing groups on the surface 

of basal plane of GUITAR increases hydrophilicity and allows aqueous electrolyte to fully wet 

these pores on q-GUITAR. 

 

3.3.3 Heterogeneous Electron Transfer Kinetics 

The COD sensing scheme relies on HET via Reaction 3.1. In general, the basal plane of GUITAR 

has excellent HET rates for Fe(CN)6
3-/4- which matches those of the edge plane graphitic 

materials [1,6]. In order to assess how the formation of quinone functionalities affect HET 
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rates, cyclic voltammetric (CV) studies with Fe(CN)6
3-/4- on q-GUITAR electrodes were 

conducted. Figure 3.3B illustrates the CV studies. The potential peak to peak (Ep) 

separations of 75±10 mV (n=20) and 90±10 mV (n=10) correspond to the basal planes of 

GUITAR and q-GUITAR respectively. These values are statistically different at the 95% 

confidence level by the t-test. The pristine material behaves as previously described [1,2]. 

The Ep for q-GUITAR at its basal plane is indicating slightly slower HET rates for the Fe(CN)6
3-

/4- redox couple. On other graphitic electrodes, this species is described as being insensitive 

to surface oxides and not requiring adsorption [35]. On the other hand, Ji et al suggest that 

Fe(CN)6
3-/4- is an inner-sphere which is dependent on surface functionalities of graphite 

electrode [36]. The authors also observed that outer-sphere redox couples were largely 

unaffected by the presence of surface oxides.  

 

3.3.4 Determination of Chemical Oxygen Demand (COD) on Pristine and q-GUITAR 

Four surrogates for chemical oxygen demand (COD) were investigated. These included 

glucoses, potassium hydrogen phthalate (KHP), lactic acid, and sodium dodecyl 

benzenesulfonate (SDBS). All were selected based on their common usage in the literature 

[15,37,38,39,40]. Chronoamperometric studies via Reaction 3.1 were conducted at +1.6 V in 

0.1 M Na2SO4 solution on the pristine and q-GUITAR surfaces. The responses are shown in 

Figure 3.4 (A and B) and a family of chronoamperometric responses with glucose on q-GUITAR 

is shown in Figure 3.S3. The optimization of electrode potential is explained in the 

Supplementary Information (Figure 3.S4). In short, chronoamperometric responses were 

measured at 1.5, 1.6, 1.8 and 2.0 V. The optimal electrode potential was selected based on 
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background signal and sensitivity considerations. In Figure 3.4C it is evident that q-GUITAR 

has a more sensitive current response for glucose at 1.6 V over the unmodified electrode. The 

current signal at 10 seconds is approximately 85% greater (from 140 to 260 A/cm2) for 4000 

mg/L COD (Glucose). The balance of the investigation was therefore concentrated on q-

GUITAR. Although the HET rate for q-GUITAR was found to be slower for Fe(CN)6
4-/3- than 

unmodified GUITAR, complete wetting of the surface may have an important role for 

adsorption and electro-oxidation of organics via Reaction 3.1. Surface fouling and signal loss 

is associated with the adsorption of organics [41]. This is evident with q-GUITAR by the 

subsequent re-measurement with the same surface which shows a decayed response of 170 

from 260 A/cm2 (Figure 3.4D). Pristine GUITAR surfaces experienced a similar fouling 

phenomenon. Regeneration was conducted by application of +1.6 V for 2 minutes followed 

by -0.7 V for 3 minutes in 0.1 M Na2SO4. The optimization of this process is explained in the 

Supplementary Information (Figure 3.S5). This procedure is necessary to produce the 

calibration curves of all four COD surrogates in Figure 3.4A (pristine) and B (q-GUITAR). From 

Figure 3.4A it is evident that the sensitivities (slopes) of the response of each surrogate differs 

on the pristine GUITAR. This problematic feature is observed with other electrochemical COD 

detectors in the literature [22,39,42,43]. On the other hand, differences in the sensitivities 

between each of the four COD surrogates (Figure 3.4B) is somewhat alleviated with the use 

of q-GUITAR. The slopes varied from 0.046 (A.mg COD/cm2L) for lactic acid to 0.032 for 

glucose. Figure 3.5 illustrates the sequence for q-GUITAR sensor formation to COD sensing to 

surface regeneration. The stability of the q-GUITAR electrodes is found stable up to 10 

measurements, after which a failure in COD measurement is noticed. Table 3.2 summarizes 
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the results of COD detection with q-GUITAR and those in literature.  It is apparent from that 

table that the linear range of the q-GUITAR anode is among the highest in literature. This adds 

flexibility in applications as COD concentrations for industrial and domestic effluents vary 

from 400-65,700 and 300-1000 mg/L, respectively [44,45]. Depending on the country and 

industry the COD limit in the industrial discharged wastewater is 75-34,000 mg/L [46,47]. The 

limit of detection (LOD) of the q-GUITAR anode of 40 ppm for glucose is therefore competitive 

in the literature and applicable to monitoring COD. 

Figure 3.4. Determination of chemical oxygen demand (COD) with glucose, potassium 
hydrogen phthalate (KHP), lactic acid, and sodium dodecyl benzenesulfonate (SDBS) on (A) 
pristine and (B) q-GUITAR at +1.6 V in 0.1 M Na2SO4 (n=5). Amperometric responses of 4000 
mg/L COD (Glucose) on (C) pristine and q-GUITAR and (D) aged (black) and regenerated (blue) 
q-GUITAR at +1.6 V in 0.1 M Na2SO4.  
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Figure 3.5. Flow chart showing the generation of q-GUITAR and their optical images, COD 
analysis and surface regeneration. 
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Table 3.2. Comparison of linear range, limit of detection (LOD), sensitivity, stability (number 
of measurements, n) and Cl- tolerance of q-GUITAR with literature COD sensor electrodes. 
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Glucose, KHP, 
Ethanol, 4‐
Hydroxybenz
oic acid, 
Glutamic 
acid, Acetic 
acid, 
Acetone, 
Sucrose, 
Phenol 

2.8 2‐175 1 0.5 500 0  36 

Glucose, KHP, 
Glutamic 
acid, Phenol, 
Oxalic acid, 
p‐
Nitrophenol, 
Acetic acid, 
Cysteamine, 
Salicylic acid  

2.5 20‐9000 7.5 7.6 400  ‐ 11,43 

KHP, Glucose 1.6 0‐232 0.2 1.5  ‐ ‐ 44 

Ti/TiO2 KHP, Phenol 2.0 25‐530  0.1  ‐ 18 

PbO2/ 
graphite 

Glucose, KHP 1.5 200‐6000  0.005  ‐ 33 

F‐PbO2/ Glucose 1.3 100‐1200 15 0.008 650 CCl‐/COD 19 
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Pt <2.5 

Cu NPs/ 
Cu disk  

Glycine 0.8 4.8 600 3.6 6.4  700 5 

CoO/glas
sy carbon 

 0.8 17‐170  1.1 14.2 1 700 17 

Cu‐Ni 
NPS/ 
MWCNT 

Glucose 
 

0.75 106‐1292 
 

21 0.91  ‐ 16 

CuO‐AgO 
NPs/ 
MWCNT 

 28 0.027  

CoO NPs/ 
MWCNT 

 36 0.61  

Ni NPs/ 
MWCNT 

 58 0.16  

Cu/CuO  Glucose 0.7 53‐2800 20.3 4.8 150 - 45 

Cu‐Co 
NPs/Au 

Glucose 0.6 2‐768 0.6 12.6  700 46 

Ni NPs/ 
glassy 
carbon 

Glucose, 
Phenol, 
Lactose, 
Citric acid, 
Aniline, 
Ethanol, 
Glycose, 
Pyrrole 

0.5 10‐ 533 1.1 0.8 35 700 6 

Glycine 0.4 0.2‐480 0.14 16.3  3500 47 

*COD determining potential vs. Ag/AgCl.  
NPs - Nanoparticles, MWCNT ‐ Multiwall carbon nanotube, KHP ‐ Potassium hydrogen 
phthalate, SDBS - Sodium dodecyl benzenesulfonate, F‐PbO2 ‐ Fluorinated PbO2.
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3.3.5 Chloride Interference 

Chloride is an interference in the classical titration method and with the newer emerging 

anode-based sensors for COD measurements [10,23,41,52]. This effect is based on the 

oxidation of these ions at the prevailing potentials of the sensors (see Reaction 3.2). 

Cl2(aq) + 2e- ⇄ 2Cl-(aq) E0 = 1.396 V   (3.2) 

This is of concern as chloride content in domestic and industrial effluents varies within the 

range of 20-300 and 100-4500 mg/L respectively [53,54]. Figure 3.6 compares the 

chronoamperometric responses (at 1.6 V) of 2000 mg/L COD (glucose) and 350 mg/L Cl- 

injections at 120 and 210 seconds respectively. This indicates that Cl- is indeed an interference 

at the q-GUITAR anode.  

Figure 3.6. Interference of chloride on COD detection with q-GUITAR anodes held at +1.6 V 
in 0.1 M Na2SO4. 
 

We expect that chloride will be of concern to the q-GUITAR COD detector, as well as the other 

carbon-based sensors. The maximum Cl- tolerance level for q-GUITAR anode is found to be 

100 mg/L, above which the Cl- interference becomes noticeable (see Figure 3.S6). While 

chloride can be precipitated out using HgSO4 or AgNO3 prior to the determination of COD 
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[10,52], the development of strategies aimed at mitigating this interference is underway and 

will be reported in future publications. 

 

3.4 Conclusions 

The q-GUITAR anode exhibits excellent linear ranges (0-10,000 ppm as glucose) for COD 

analysis and surpasses most other electrode sensors. The LOD (40 ppm) and sensitivity are 

competitive albeit with the Cl- interference that is evident with conventional titration and 

most of other electrochemical sensors. It is expected that GUITAR anodes will be inexpensive 

relative to other materials and offer the strong possibility of a disposable test strip 

configuration for portability. 
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Supplementary Information 
 

Electrochemical Modification of GUITAR 

Electrochemical modification of GUITAR to q-GUITAR was conducted by application of +2.1 V 

vs. Ag/AgCl for 150 sec followed by 15 cyclic voltammetric (CV) scans from -0.7 V to +1.0 V at 

50 mV/s in 1.0 M H2SO4. The corresponding chronoamperograms at 1.8 to 2.1 V are shown in 

Figure 3.S1. 

 
Figure 3.S1. (A) Chronoamperograms of GUITAR modification by application of indicated 
electrode potential vs. Ag/AgCl and (B) 15 cyclic voltammetric cycles from -0.7 V to +1.0 V at 
50 mV/s in 1.0 M H2SO4. 
 

Chronoamperometric modification was explored at different potentials (1.8 to 2.1 V) as 

shown in Figure 3.S1A. The application of 1.8 and 1.9 V vs. Ag/AgCl consists of a current signal 

decay indicative of capacitive charging.  At 2.0 and 2.1 V a faradaic process is observed with 

increase in current until the end of the run at 150 seconds. Above 2.1 and/or beyond 150 

seconds the GUITAR electrodes fail. The potential of 2.1 V vs. Ag/AgCl was therefore selected 

for the formation of q-GUITAR. Electrode conditioning was required to obtain the quinone 

functional groups after chronoamperometry at 2.1 V. This was conducted by 15 CV scans from 
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-0.7 V to +1.0 V at 50 mV/s in 1.0 M H2SO4. Figure 3.S1B shows the growth of the 

hydroquinone/quinone through successive CV scans.  A total of 15 cycles was required for 

complete formation of the quinone moiety on GUITAR.  

 

Attempted Synthesis of q-Graphite 

Synthesis of quinone functionalized graphite under the same conditions as q-GUITAR fails as 

it gives mechanically unstable expanded layers. Figure 3.S2 shows the top and side views for 

as obtained and the expanded graphite foils after applying same conditions as q-GUITAR. 

 
Figure 3.S2. Top view (A & C) and side view (B & D) of as obtained and expanded graphite foil.  

 

Chronoamperometric Responses with Glucose on q-GUITAR  

A representative series of amperograms for the determination of COD values with glucose 

solution on q-GUITAR at +1.6 V is shown in Figure 3.S3. Amperogram-a recorded in 0 mg/L 

COD (in 0.1 M Na2SO4) and b-f are recorded in 2,000-10,000 mg/L COD. Data are collected at 
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10 sec to construct the calibration curves. A surface regenerative treatment of +1.6 V for 2 

min followed by -0.7 V for 3 min in 0.1 M Na2SO4 was applied on the q-GUITAR between each 

amperogram to avoid the signal loss from the surface fouling during oxidation of organics at 

+1.6 V.    

 
Figure 3.S3. Amperometric response of 0, 2000, 4000, 6000, 8000, and 10000 mg/L COD (a 
to f respectively) with Glucose in 0.1 M Na2SO4 at +1.6 V (vs Ag/AgCl) on q-GUITAR at a 
sampling time of 10 sec.  
 

Optimization of Working Potential for COD Detection on q-GUITAR 

Different working potentials (1.5, 1.6, 1.8 and 2.0 V) were applied on q-GUITAR to determine 

the COD values with glucose in 0.1 M Na2SO4 (Figure 3.S4). Surface regenerative treatment 

(+1.6 V applied for 2 min followed by -0.7 V applied for 3 min in 0.1 M Na2SO4) was applied 

between each sampling point. 1.8 and 2.0 V showed higher background currents due to both 

for the corrosion of GUITAR and O2 evolution. A potential of 1.5 V showed lower sensitivity, 

therefore 1.6 V was selected as optimum working potential.    
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Figure 3.S4. Optimization of working potential for chemical oxygen demand (COD) 
measurement with glucose in 0.1 M Na2SO4 on q-GUITAR.  
 

Optimization of Regeneration of q-GUITAR 

The calibration curve of Figure 3.4 on GUITAR and q-GUITAR COD sensing electrodes require 

surface between each COD measurement. This treatment is conducted in 0.1 M Na2SO4. Four 

regenerative pulses were examined. These include (i) an initial potential of +1.6 V for 2 min 

followed by -0.7 V for 3 min, (ii) -0.7 V for 3 min followed by +1.6 V for 2 min, (iii) +1.6 V for 2 

min and (iv) -0.7 V for 3 min. The best surface regenerative condition was found with (i) which 

gives the maximum linear range for COD determination as illustrated in Figure 3.S5.  
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Figure 3.S5. Optimization of surface regenerative treatment on q-GUITAR with methods 
described above. Potassium hydrogen phthalate was the COD surrogate. The analyses were 
conducted in 0.1 M Na2SO4 at +1.6 V (vs Ag/AgCl). 
 

Chloride Interference 

 Chloride interferences were studied on q-GUITAR with KCl using chronoamperometric (CA) 

method at 1.6 V in 0.1 M Na2SO4. Figure 3.S6 shows the current densities collected from the 

CA responses at 10 sec. Up to 100 mg/L of Cl- no noticeable current increments were 

observed. Above 100 mg/L Cl-, CA current gave linear response with chloride concentration. 

 

 

 

 

 

 
 
 
Figure 3.S6. Determination of Cl- tolerance level for q-GUITAR in 0.1 M Na2SO4 at +1.6 V (n=3).  
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Chapter 4: Application of GUITAR in Cathodic Sensing 
 
“Electrochemical Determination of Free Chlorine on Nanocrystalline Graphite Electrodes 

(GUITAR).” Talanta 2019 (To be submitted). 

 
 
Abstract  

Nanocrystalline graphite from the University of Idaho Thermolyzed Asphalt Reaction 

(GUITAR) is a hypothesized new form of carbon. It shares morphological features with 

graphites, including basal and edge planes. Unlike graphites and other sp2-hybridized 

carbons, GUITAR has fast heterogeneous electron transfer across its basal planes and 

resistance to corrosion similar to boron-doped diamond electrodes. In this contribution 

GUITAR electrodes were examined as sensors for aqueous free chlorine (HOCl and OCl-) at pH 

7.0 with cyclic voltammetric (CV) and chronoamperometric (CA) methods. Using CV at 50 

mV/s GUITAR has a limit of detection of 1.0 µM, linear range of 0-5,000 µM, sensitivity of 

215.8 µA/mM-cm2 and a signal stability of 4 days in constant exposure to 1 mM free chlorine 

in pH 7.0, 0.1 M phosphate buffer system. After 7 days of exposure GUITAR electrodes lost 

37% of the former sensitivity, which was recovered by an in-situ regeneration procedure. The 

common aqueous ions, Ca2+, Na+, NO3
-, SO4

2-, Cl-, CO3
2- and dissolved oxygen did not affect 

the response of the GUITAR-based sensor. The combination of limit of detection, linear range, 

sensitivity, sensor lifetime and its relative lack of interferences indicate that GUITAR is one of 

the best performers in free chlorine sensors. 
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4.1 Introduction   

Nanocrystalline graphite from the University of Idaho Thermolyzed Asphalt Reaction 

(GUITAR) is a hypothesized new form of carbon. In electrochemical applications it offers many 

advantages over other carbons. [1,2,3,4,5,6] Its appearance is similar to a crystalline graphite 

but differs in that both the basal and edge planes (EP) have facile heterogeneous electron 

transfer (HET) kinetics. [1,2] The basal plane (BP) of graphites have a barrier to HET as these 

materials are zero-band gap semiconductors. On the other hand, structural defects within 

the molecular planes of BP-GUITAR increases density of electronic states (DOS) near the 

Fermi-level with corresponding HET rates. [1,2] With the Fe(CN)6
3-/4- redox probe BP and EP-

GUITAR achieve a standard HET rate (k0) of 10-2 cm/s. Electrodes based on BP of graphene 

and highly oriented pyrolytic graphite (HOPG) have k0 between 10-10 to 10-6 cm/s whereas the 

EP-GUITAR is about 10-2 cm/s. [7,8,9,10] Other distinguishing features are slow hydrogen 

evolution kinetics and that the molecular planes of GUITAR are impervious to sub-surface 

electrolyte intercalation making it more resistant to corrosion than graphites. 

[1,3,4,11,12,13] This results in wide electrochemical potential window of 3 V at 200 µA/cm2 

in 1 M H2SO4.  This surpasses other sp2 carbon electrodes by 1 V and places it alongside with 

boron doped diamond. [1,2] These properties make GUITAR suited for applications including 

electrochemical sensors, batteries, fuel cells, ultracapacitors and water purification. [3,4] 

Sensing of strongly oxidizing species, e.g. free chlorine, requires resistance to corrosion along 

with fast HET rates. With those properties in mind, this study examines the application of the 

unique properties of GUITAR to the electrochemical sensing of free chlorine (sum of dissolved 

HClO and ClO-).  
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Free chlorine is widely used in water disinfection in order to inactivate pathogenic 

microorganisms such as Escherichia coli and Cryptosporidium. [14,15,16] It is also used in a 

variety of other applications spanning from household to the agriculture and food industries. 

In water treatment, concentration of free chlorine must fall within the range of 20-100 µM 

according to WHO (World Health Organization) standards. [17,18,19,20,21] In case of 

industrial processes the concentration tends to fall within 0.01 - 10 mM. [1] Analytical 

techniques for free chlorine sensing include spectrophotometry, iodimetry, 

chemiluminiscence, catalyst-assisted flow injection and electrochemistry. [16,22,23,24] The 

most widely used technique for municipal water samples is colorimetry based on N,N′-

diethyl-p-phenylenediamine (DPD) which has narrow concentration linear range and cannot 

be applied in continuous on-line monitoring systems. [20,25,26,27] In contrast, 

electrochemical methods offer the promise of a cost effective, portable and rapid detector 

with continuous monitoring and little or no sample preparation. [28] However, at present 

electrode materials suitable for chlorine monitoring are expensive and have one or more of 

the following problems of short lifetime from surface fouling, insufficient limit of detection, 

narrow linear range or low sensitivity. [23,24,29,30] Present efforts have examined 

composite materials based on graphene, carbon nanotube, boron doped diamond, platinum, 

gold and glassy carbon. [19,31,32,33,34,35] In this study, we investigate GUITAR electrodes 

for free chlorine sensing. Its relative robustness to corrosion and fast HET rates at its basal 

planes indicates strong possibilities for the continuous detection of strong oxidizing species. 
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4.2 Experimental Section   

Materials and Chemicals: Sodium hypochlorite (5% m/m) was obtained from Acros Organics 

(NJ, USA). Potassium iodide (99.6%), potassium iodate (99.6%), sodium thiosulfate (99.5-

101.0%), glacial acetic acid (99.9%) and starch (1% w/v) were obtained from J. T. Baker (PA, 

USA) for standardization of sodium hypochlorite. Potassium monophosphate (99.6%), 

potassium diphosphate (99.8%) and potassium chloride (99.7%) were obtained from Fisher 

Scientific (Waltham, NJ, USA). All aqueous solutions were prepared with deionized water 

purified by passage through an activated carbon purification cartridge obtained from 

Barnstead-model D8922 (IA, USA). GUITAR deposition targets were constructed from quartz 

tubes (Technical Glass Products, Inc., Painesville Twp., OH, USA) cut into 2cm×0.5cm wafers. 

Hypochlorite solutions were standardized by iodometric titration and used within three days. 

[16] 

 

Electrode Fabrication and Electrochemical Setup: GUITAR electrodes were synthesized as 

described in previous study. [1] Electrode fabrication and geometric area isolation were 

performed as described previously. [1] All electrochemical studies were conducted in a three-

electrode undivided cell with graphite rod counter electrode and Ag/AgCl/3M NaCl (aq) 

(0.209 V vs SHE) reference electrode and using a Bioanalytical Systems (BAS) CV-50W 

potentiostat (West Lafayette, IN, USA). Chronoamperometric studies at -0.15 V vs. Ag/AgCl 

were conducted under mass transport aided conditions by stirring at 800 rpm with a BAS 

Controlled Growth Mercury Electrode cell stand. 
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4.3 Results and Discussion   

4.3.1 Determination of Free Chlorine on GUITAR Electrodes 

The reduction of free chlorine proceeds as Equation 1. [28]  

ClO- + 2e- + 2H+ = Cl- + H2O      E0’ = 1.49 (vs SHE) at pH 7       (4.1) 

This reaction was examined by both chronoamperometric (CA) (at -0.15 V) and cyclic 

voltammetric (CV) (at 50 mV/s) methods on GUITAR electrodes (Figure 4.1A and B) at pH 7.0 

in various concentrations of free chlorine. The CV peak potential (Ep) appears at -0.15 V (vs 

Ag/AgCl) in 1 mM free chlorine (Figure 4.1B). The corresponding calibration curves are shown 

in Figure 4.2. For that figure the CA (Figure 4.2A) current densities were collected from Figure 

4.1A at 120 seconds. For the CV calibration curve (Figure 4.2B) Ep current densities are 

considered. The CA and CV linear ranges are 0.2 - 2.2 and 0 - 5 mM respectively and the 

sensitivities are 55.24 and 215.83 µA/mM-cm2 respectively (n=5). The CA and CV limit of 

detections (S/N = 3) of free chlorine are 0.5 and 1.0 µM respectively. 

A comparison of LOD, linear range and sensitivity for free chlorine determination on different 

materials is shown in Table 4.1. Overall, GUITAR has a good combination of LOD, linear range 

and sensitivity relative to other electrode materials. The LOD and the linear range of the 

GUITAR-based sensor gives it more flexibility in use relative to other sensors. It is also 

noteworthy that GUITAR is expected to be a much lower cost material than the others 

mentioned in Table 4.1. 
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Figure 4.1. Chronoamperometric and cyclic voltammetric responses of flat GUITAR electrode 
(geometric area 0.10 cm2) for different concentrations of free chlorine in 0.1 M phosphate 
buffer solution, pH=7.0, N2 saturated. A) Chronoamperograms of 0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 
1.4 and 1.6 mM free chlorine (a to i respectively) at -0.15 V. B) Cyclic voltammograms of 0, 
0.5, 1.0, 1.5, 2.0 and 2.5 mM free chlorine (a to f respectively) at 50 mV/s.   
 

 
Figure 4.2. Chronomperometric (A) and cyclic voltammetric (B) calibration curves (n = 5) for 
free chlorine determination on GUITAR in 0.1 M phosphate buffer solution, pH=7.0, under N2 
saturation. The insets show the corresponding entire concentration range responses of this 
study.  
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Table 4.1. Comparison of cyclic voltammetric (CV) and chronoamperometric (CA) LOD, linear 
range, sensitivity, and signal stability for free chlorine sensor electrodes. 
 

Material LOD 
(μM) 

Linear 
range 
(μM) 

Sensitivity 
(μA/mM‐cm2) 

Stability 

GUITAR (CV)This work 1.0  0-5000 215.8 > 7 daysd 

GUITAR (CA)This work 0.5  200-2200 55.2 > 7 daysd 

CuO-NPs/MWCNT/epoxy resina 

[36] 
0.085 N/A 17 7 daysd 

Boron doped diamond [19] 0.16 400-2000 38 3 monthsd 

Au [34,35,37]  0.2 - 0.4 0.2-300 720 2 days [35] 
 > 7 days [34] 

Pt [28,34,38]  0.2 - 1.4 2.8-60 670 6 days [28] 
7 days [34] 

Carbon nanotube/epoxy resin 
[29] 

0.4 0.4-80 75 30 days 

AuNPs-PEDOT/GCb [39] 1.0 1-932 200 N/A 

Au micro electrode [30] 1.5 0-80 278 N/A 

Carbon fiber [40] 1.9 15-800  N/A 

Aminated-glassy carbon [41] 1.55 200-2000 283 N/A 

Polymelamine modified screen-
printed carbon electrode [20] 

5.5 10-7000 210 7 days 

AuNPs/poly-MnTAPP/GCc [24] 24.7 N/A 5 3 days 

Aminated-pencil graphite [14] N/A 0.8-116 15 N/A 

Glassy carbon [41] N/A 0-2000 230 N/A 
aCopper (II) oxide nanoparticles deposited on multiwall carbon nanotube/epoxy resin  
bAu nanoparticles-poly(3,4-ethylenedioxythiophene) modified glassy carbon  
cPoly Manganese tetra (o-amino phenyl) porphyrin-nano Au film modified glassy carbon  
dWith periodic surface cleaning or reactivation 
N/A - Not Measured or Not Available 
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4.3.2 Sensor Performance in the Presence of Possible Interferences 

Dissolved oxygen is a possible interference for free chlorine detection as indicated by the 

formal potential for its reduction. [42]  

O2 + 4H+ + 4e- → 2H2O  E0’ = 0.816 V (vs SHE) at pH 7 

Figure 4.3A shows that that the CV reduction peak for dissolved oxygen (air saturation) its -

0.45 V which is separated by 300 mV from free chlorine (Ep = -0.15 V). Table 4.2, Rows I and 

II highlight the results of the CA calibration curve for free chlorine determination in presence 

of dissolved O2 (Figure 4.3B) and under N2 purge (Figure 4.2A). Both have the same slopes 

and intercept demonstrating that O2(aq) is not an interference with this sensor. 

Figure 4.3. (A) CV’s of 1 mM free chlorine on GUITAR electrode in presence (solid line) and 
absence (dashed line) of dissolved oxygen, scan rate 50 mV/s and (B) calibration curve 
(chronoamperometric) for free chlorine determination in presence of dissolved O2 at -0.15 V 
(n=3) in 0.1 M phosphate buffer solution, pH=7.0.  
 

Figure 4.4 shows the effects of other potential interferences. In that study the effects of 100 

μL spikes from 10 mM of free chlorine (NaOCl), NaNO3, Na2SO4, NaCl and CaCO3 are measured 

by chronoamperometry. The first two spikes of free chlorine solutions (at 120 and 240 

seconds) give proportional responses via Reaction 4.1. The GUITAR electrode did not respond 
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to the introduction of the other salts. The spike at 840 seconds indicates that the electrode 

still gives a proportional response to free chlorine.   

 
Figure 4.4. Chronoamperometric study of common ions. NO3

-, SO4
2-, Cl- and CO3

2- effects on 
the free chlorine response. Each arrow is an injection of 100 μL from 10 mM of the respective 
solution (NaOCl, NaNO3, Na2SO4, NaCl and CaCO3 respectively) in 10 ml 0.1 M phosphate 
buffer solution, pH=7.0. None of the ions affected the response of the final free chlorine 
injection at 840 seconds.  
 

4.3.3 Sensor Stability and Regeneration 

The response of GUITAR electrode is found stable after 4 days of continuous exposure to 1 

mM free chlorine solution in 0.1 M phosphate buffer solution at pH 7.0 (Figure 4.S2, see 

supporting information). Table 4.2, Row III shows the sensitivity (slope), intercept and 

correlation values for each day obtained by chronoamperometry at -0.15 V. After 7 days of 

continuous exposure in free chlorine solution GUITAR electrodes experience a 37% loss in 

sensitivity (from 56.8 to 35.7 µA/mM-cm2) as shown in Figure 4.S3 and summarized in Table 

4.2, Row III. This signal loss is associated with the passivation of GUITAR surface during 

exposure to hypochlorite and dissolve oxygen, and electrochemical reduction of 

hypochlorite. This passivation effect is also experienced on other literature materials. 
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[19,28,34,35,43,44] An in-situ regeneration protocol was developed to extend the lifetime of 

this sensor. This process applied -1.6 V (vs Ag/AgCl) for 10 min in 0.1 M phosphate buffer 

solution, pH=7.0 and and was able to clean GUITAR surface by reducing the passivation layer. 

The regenerated GUITAR electrode recovered 94% of the initial sensitivity (Figure 4.S3 and 

Table 4.2 Row IV). No attempts were made at extending the lifetime of GUITAR-based sensors 

beyond one week, but it is reasonable to expect that the electrode will undergo several 

regeneration cycles as demonstrated in a previous investigation. [2] Literature reports free 

chlorine sensor electrodes with signal stabilities from hours to several months (see Table 4.1). 

Again, when considering LOD, linear range, sensitivity along with sensor lifetime, GUITAR 

electrodes are very competitive with literature.  

 

Table 4.2. Summary of chronoamperometric sensing of free chlorine at GUITAR electrodes 
highlighting sensitivities, intercept and r2 of the calibration curves obtained under the 
specified conditions.  
 

Row  Sensitivity  
(µA/mM-
cm2) 

Intercept r2 Number of 
electrode 
samples, n 

I under N2 Figure 2A 55.2 13.0 0.99 5 

II under air Figure 3B 55.7 12.7 0.99 3 

 
 
 
 
III 

 
 
 
Stability 
Tests 

Day     

1 56.8 12.1 0.99 3 

2 56.2 12.5 0.99 3 

3 53.0 14.0 0.98 3 

4 55.5 12.8 0.98 3 

7 35.7 6.5 0.98 3 

IV Regenerated 53.5 11.8 0.99 3 
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4.4 Conclusions  

The focus on electrochemical free chlorine sensors have been with materials of relatively high 

costs. It is expected that GUITAR will be inexpensive relative to these materials (see Table 

4.1) with competitive detection limit, linear range, and sensitivity. Furthermore, GUITAR is 

not affected from possible common aqueous interferences O2, Ca2+, Na+, NO3
-, SO4

2-, Cl- and 

CO3
2-.  A significant feature of GUITAR is long term signal stability and the ability to recover 

sensitivity with the eventual fouling of the electrode surface. Relative to recent advances in 

fluorescence method and classical colorimetric method (N,N-diethyl-p-phenylenediamine), 

the presented technique of this study has much wider linear range (0.05-15 vs. 0-5000 µM). 

Furthermore, the GUITAR-based method is more rapid and offers continuous monitoring 

capabilities.  Another feature is that GUITAR electrodes can be fabricated into a variety of 

geometries including micron and smaller dimensions. These qualities indicate possible 

application ranging from home use to embedded sensors where durability and continuous 

monitoring is required. 
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Supporting Information 
 
Stability of the GUITAR Electrode Signal in Free Chlorine: The response of GUITAR electrode 

is found stable after 4 days of continuous exposure to 1 mM free chlorine. 

 
Figure 4.S1. Amperometric calibration curves on GUITAR electrode in 1 mM free chlorine (in 
0.1 M PBS, pH=7.0) at -0.15 V for 4 consecutive days. GUITAR electrode was stored in free 
chlorine solution and no surface regeneration treatment was applied in between.  
 

Regeneration of GUITAR Electrode: GUITAR electrode can be regenerated after signal loss by 

applying -1.6 V (vs Ag/AgCl) for 10 min in 0.1 M phosphate buffer solution, pH=7.0.      

 
Figure 4.S2. Amperometric calibration curves for free chlorine determination on fresh, fouled 
and regenerated GUITAR electrodes in 0.1 M PBS, pH=7.0 at -0.15 V. Fouled electrode: 7 days 
of continuous exposure in free chlorine. Electrode regeneration: -1.6 V (vs Ag/AgCl) for 10 
min in 0.1 M PBS, pH=7.0.     
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Chapter 5: Conclusions 
 

 

GUITAR is one of the purest carbon forms grown by chemical vapor deposition (CVD) method. 

While other CVD deposited carbon materials contain different contaminations and high 

oxygen content, GUITAR contains no such contamination as well as no oxygen groups. 

GUITAR synthesis method is less expensive, much safer and simpler. It is expected that 

GUITAR will prove to be more economically viable for large-scale implementation relative to 

other expensive carbon materials, like as boron-doped diamond, glassy carbon, graphene, 

carbon nanotubes, etc. Another feature is that GUITAR electrodes can be fabricated into a 

variety of geometries including micron and nano dimensions. GUITAR is characterized by 

different techniques over the past couple of years including SEM, TEM, AFM, elemental 

analyzer, XPS, Raman spectrometer, TGA, XRD, and electrochemical analyzer. As a summary 

of these characterization, it can be mentioned that GUITAR contains classical basal and edge 

plane morphology like as graphite, but the surface topography is noticed atomically rough. 

GUITAR contains 88% carbon (with a sp2/sp3 ration of 85/15) and 12% hydrogen. GUITAR is 

nanocrystalline with average grain size 1.6 nm and has high defect density. These high defect 

densities provide a higher density of electronic states at the Fermi-level and eventually makes 

GUITAR electrochemically more active. Therefore, GUITAR possesses high heterogeneous 

electron transfer rate. GUITAR also has wide potential window and high corrosion resistance 

which might be associated with the interconnection between GUITAR layers, which blocks 

the intercalation of ions into the GUITAR layers. The interlayer distance in GUITAR (0.350 nm) 

appears little wider than in classical graphite (0.335 nm). The overall performance of GUITAR 
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in electrochemical energy storage (VRFB) and sensing (COD and ClO-) is obtained as one of 

the top performers when compared with other literature reported materials. These qualities 

indicate potential application of GUITAR based electrodes in different fields ranging from 

domestic to industrial use. 

 


