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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 nano-crystallites 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.  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 

1a and 1b). 

      C + 2H2O  CO2 + 4H+ + 4e - E0
red = 0.207 V (1a) 

        2H2O  O2 + 4H+ + 4e - E0
red = 1.23 V (1b) 

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

(Reaction 1c). 

                                           2H+ + 2e - H2 E0
red = 0.00 V     (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 sp 2 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 sp 3 materials. Most micrographs indicate that with mixed sp2 -sp3 a-C materials do not 

exhibit layered morphology. [11,12,13,14,15] However, in a computational study, Galli and 
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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, 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 
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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. 

2.  Experimental  

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). 

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. This revised method obviates the need for sulfur as required in 
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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 

(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. 

Figure 1. Schematic of GUITAR synthesis via chemical vapor deposition (CVD) method. 

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 

and performed in a vacuum chamber with a base pressure of 1×10 -10 Torr. Measurements were 
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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 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 
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at a scan rate of 1 mV/s. These experiments were performed under vigorously stirred conditions. 

3-/4­The standard HET rate constants (k0, cm/s) for Fe(CN)6 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 

3-/4­limited to ΔEp 212 mV. The transfer coefficient (α) and diffusion coefficient (D) for Fe(CN)6 

are assumed as 0.5 and 6×10 -6 cm2/s respectively, as reported in literature. [25,26,27] 

3.  Results and  Discussion  

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 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] More SEM images are presented in the supplementary information contrasting 

the edge and basal planes of GUITAR and HOPG (see Figure S1). No step defects have been 
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observed on the basal plane of GUITAR in over 200 SEM images over several years (2010­

2018). 

Figure 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. 

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. 

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

materials (Reaction 2). [29,30,31] 

                 Fe(CN)6
3- + e - ⇌ Fe(CN)6

4- E0
red = 0.430 V (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 
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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. 

3-/4­[19,20,21] Both the CV of Fe(CN)6 and the potential windows are shown in Figure S2 of the 

supplementary information. 

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. 
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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] 

3.5  XPS  Analysis  Indicates that  GUITAR  is 15% sp3-Carbon   

Figure 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 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. 
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    Figure 3. (A) Wide scan XPS spectra of GUITAR and (B) Deconvolved peaks of the C1s signal.  

3.6  Raman Studies of  GUITAR  Indicate that it  has Characteristics of Nanocrystalline 
 

Graphite and Graphite-Like Hydrogenated a-C 
 

Figure 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 
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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 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 maximum 

(FWHM) of the G-band in Figure 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 an La of 1.5 nm and the XRD results below (see Section 3.10). [58 

(manuscript submitted)] 

Figure  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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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 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  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.   

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 6. The Td onsets 
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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. 

[65,70,71,72,73,74] Significantly, the single Td of GUITAR indicates a homogeneous 

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

Figure 6. Thermogravimetric (TGA) curves of GUITAR and HOPG in the presence of air. 

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

Graphite and GLCH   

Figure 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 
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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  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.  

3.10 	 Measurement of Crystallite Grain Size (La) and d-spacing by X-ray  Diffraction,  

Relationships with  Fast HET Rates and Resistance to Corrosion  

3-/4­Crystalline graphites typically exhibit relatively slow Fe(CN)6 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 

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

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

3-/4­

Figure 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. [82,83] 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 2). [52] This increased d-spacing 

relative to graphites might be expected of nanocrystalline GUITAR as predicted by a 

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] 
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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 sp 3 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 8. X-ray diffraction (XRD) analysis of (A) GUITAR and (B) Highly ordered pyrolytic 

graphite (HOPG). 

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. 

[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 
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­kinetics for Fe(CN) 3-/4
6  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  9.  

Figure 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. 

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 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 
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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 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  10.  A) Corrosion  currents (i rr) vs. sp2
co -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) 3-/4
6  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 deviation 

from that trend is about 1.5 orders lower than what would be predicted for an a-C of GLCH with 
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15% sp3-C content. This is unexpected given its wider d-spacing (0.350 nm) relative to graphite 

(0.335 nm). 

Figure 10B illustrates the trend between the extent of sp2 hybridization and literature 

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

[5,6,25,31,98,55,108,109,110,111,112,113,114,115,116]. 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 10. 

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 

21
 



 
 

   

    

 

   

    

     

 

     

   

 

  

      

    

 

   

    

   

 

 

 

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. [16] 

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 

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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Scanning Electron Micrographs (SEM) of GUITAR and Highly Ordered Pyrolytic 

Graphite (HOPG) 

In addition to Figure 2 (presented in the manuscript), Figure S1 shows more SEM 

images of GUITAR (A, B and C) and highly ordered pyrolytic graphite (HOPG) (D, E and F), in 

order to better understand their morphological similarities and differences. Both GUITAR and 

HOPG show clear basal and edge plane configurations. However, in contrast to HOPG, GUITAR 

does not show any step defects. Figure S1A shows defect free basal plane of GUITAR at an 

accelerating voltage of 5 kV. GUITAR’s basal plane appeared flat and featureless to the 

resolution of SEM. 
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Figure S1.  Scanning electron micrographs of GUITAR (A, B  and C) and HOPG (D, E and F). 

Both show clear basal and edge plane  configurations. In contrast to HOPG, GUITAR does not  

show any step defects.  HOPG is found to have a  mean step density of 0.5 µm/µm2, as calculated 

in this study as well as reported by  Unwin et al (Ref. 21 in the manuscript).  
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Electrochemical Properties of GUITAR 

Cyclic voltammograms on BP-GUITAR at 50 mV/s in a solution of 1 mM Fe(CN)6
3- in 1 M KCl 

and 1 M H2SO4 are shown in Figure S2. Figure S2A shows the difference between the cathodic 

and anodic peak potentials in 1 mM Fe(CN)6
3- is 65 mV. This corresponds to a standard HET 

rate constant (k0) of 0.03 cm/s, calculated from the Nicholson method and verified by modelling 

experimental cyclic voltammograms using BASi DigiSim software. Figure S2B shows that 

GUITAR’s total electrochemical potential window is 3 V in 1 M H2SO4 at 200 µA/cm2, with 

anodic limit 1.9 V (vs. Ag/AgCl) and the cathodic limit -1.1 V (vs. Ag/AgCl). 

Figure S2.  Cyclic voltammograms on  BP-GUITAR at 50 mV/s  in A) 1 mM Fe(CN) 3-
6  (in 1 M 

KCl) and B) 1 M H2SO . nt (k0
4  Figure S2A indicates a  HET rate consta ) of 0.03 cm/s, and S2B  

indicates a total potential window of 3 V at 200 µA/cm2.  
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