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Abstract 

On thermal treatment, eight different graphite materials became resistant to air aging for at least nine 

weeks compared to the usual time of hours to a few days when assayed in 1mM ferri-ferrocyanide 

solution. In addition, resistance to aging was found for at least seven days, when immersed in 1mM 

ferri-ferrocyanide solution compared with the frequently reported few minutes to hours. Experimental 

results confirm that with heat treatment, HOPG-ZYH, graphite rods, pyrolytic graphites, graphite 

felts, and natural and artificial graphites undergo structural reorganization which leads to the 

restructuring of their electronic nature. It is this electronic restructuring that enhances and sustains 

their electrochemical properties. The extent of this reorganization is dependent on the initial 

disordered state, which in turn is important to the final structural and electronic conditions. The 

results strongly suggest that the primary factor enhancing the electronic response of heat-treated 

materials is from an overall higher density of states localized on delocalizing π bonds compared to 

their controls. This structural reorganization of the graphites also supports a degree of crystallinity 

along the lattice sites that enable carrier hopping irrespective of adventitious oxygen-containing and 

hydrocarbon moieties that is synonymous with aging induced sluggish electron transfer kinetics. The 

attributes of this electronic structure demonstrate a strongly correlated system which exhibit a non-

perturbative behavior. A one-dimensional Hubbard model is applied to describe this behavior that 

explains the surface-to-electronic chemistry of treated graphites by addressing both their enhanced 

electrochemical performance and their depressed aging effects. Additionally, these thermally treated 

graphites were used as support systems for the growth of Prussian Blue nano particles. The PBNP 

doubled the capacitance of the high surface area graphite felt; a property that lends these 

PBNP@graphite felts for, amongst other things, ion-sieving, energy storage and conversion purposes. 

Since, increased electron transfer kinetics make materials more prone to corrosion, both the structure 

and corrosion resistance of the treated and pristine graphites were performed. The data collated 

suggest that the thermally treated graphites, with increased electron transfer kinetics, had similar 

corrosion resistance properties to the pristine and their work functions were no much different. Yet, 

the charge transfer parameter of the treated pyrolytic graphites was some three order of magnitude 

less to the pristine. The results suggest that a correlated electronic structure with enhanced quantum 

tunneling of electrons through the graphite surfaces, irrespective of surface functional groups or even 

edges, was responsible for the corrosion resistant nature of the treated graphites.  
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Chapter 1: Introduction  

1.1 The Challenges 

For over half a century, active researches into the carbon field have sought to understand the 

reason(s) and mechanism(s) of why and how carbon materials, especially graphite, become sluggish 

electron transporters on air exposure, sometimes within minutes to hours. Several techniques have 

been employed to try to restore the heterogeneous electron transfer (HET) kinetics of carbonaceous 

materials after air- or solution- induced oxidation (aging). Such techniques and/or procedures include 

mechanical polishing as commonly employed on glassy carbon electrodes, vacuum heat treatment, or 

heat treatment under an inert gas atmosphere; also, combined treatment such as laser-based thermal 

treatment protocols; further, electrochemical polarization such as pre-anodization, and plasma 

activation treatments such as radio-frequency plasma, among many others.1–3 Yet despite all the 

available techniques thus far employed, the issue of aging remains a paramount consequence; limiting 

the use of carbon materials in several noteworthy applications. Every activation protocol employed 

thus far, has at most, sustained electron transport by just a few hours.1–3 The problem remained 

insoluble and was neglected for a long period until the advent of graphene.  

With the entry of graphene into the materials research race, the question arose again4 since 

graphene for electrochemistry and optoelectronics was also susceptible to the same air oxidation 

induced sluggish electron transport (slow HET kinetics) or aging that is observed for its parent 

compound, graphite.5–8 HET kinetics are fundamental in solid carbon materials (electrode)-electrolyte 

interactions, predicting the performance of a material in electrochemical applications, 9,10 and playing 

significant roles in molecular electronics, electrochemical energy storage and conversion, sensing, 

and electro-oxidative reactions.5,11–19 The result is that even the purported “wonderful” applications of 

graphene have been called to question.20  

 

 

1.2 The Surface Chemistry and Influence on Electrochemical Activities.  

The surfaces of carbon materials, especially graphite, graphene, carbon nanotubes and 

fullerenes, do not remain pristine or inert even during a limited time span.3,7,21,22 It is now generally 

accepted that solid electrode surfaces are gradually deactivated which may be due to the adsorption of 

adventitious impurities such as chemisorbed species, particularly oxygen23–26 (either from air and or 

from adsorbed water molecules on the surfaces of the carbon materials)27 and hydrocarbons.7,8,21,28–30 
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These surface adsorbents are ubiquitous, from ambient air 7,28,30 or electrolyte solutions, 26 and their 

presence always precede electrochemical experiments.31 These surface-adsorbed species have been 

suggested to hamper electron transfer kinetics, resulting in sluggish electron transfer rates, due to 

oxidation-induced aging,2 and accompanying impediments for various carbon material uses 4,15.  

Given in Figure 1.1 is a plot of the cyclic voltammetry scans of natural graphite (aged and cleaved), 

highly ordered pyrolytic graphite (HOPG) (aged and cleaved), platinum (Pt) and gold (Au) and a bar 

chart showing the corresponding heterogeneous electron transfer (HET) rate constants. These figures 

highlight pictorially, the HET rate constants decay of graphites due to aging, in comparison to Pt and 

Au both of which are stable with respect to air- and solution-induced aging. 

  

 

 

 

 

 

 

 

 

 

It is this aging of carbon materials that make Pt and Au very relevant in electrochemistry, electronics 

and the opto-electronic industries;32–39 literally substituting for carbon materials in roles that should 

favor them (even though carbon is considered a semi-metal and a semiconductor, Au is preferentially 

used in computer and satellite mother boards). In addition, carbon materials have wider potential 

windows (electrochemical working ranges without hydrogen and oxygen interferences) than Au or 

Pt.36,40–43 This potential window advantage is another reason why, in the absence of aging, carbon 

materials are naturally preferential to the noble metals, for semi-conductor-, electronics- and 

electrochemical-related applications. 

Therefore, if the air- and solution-oxidation effects of carbon materials such as graphite and graphene 

can be curtailed, minimized or, at best, eliminated, it would open the doors to the effective use of 

 

Figure 1.1: Correlation between (a) reversibility in CVs as a function of aging and (b) heterogeneous electron 

rate constants (ko [cm2 s-1]) for graphite and metals. Reference 5 
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graphites and graphene markedly for sensing, electro-oxidative reactions in water purification, 

batteries and supercapacitors, catalysis, oxygen reduction for fuel cells, HPLC detectors, and in the 

semiconductor industry. These are just a few that can be suggested from the state of science and 

technology at this time. 

 

1.3 Old vs New Views on Aging in Carbon Materials 

It was, for over five decades, accepted that the basal planes of graphite were electrochemically 

inactive; so that electrochemical activity only resides on the edge planes of graphites.3,44–47 This view 

was a main contributing factor on why it became common practice to create edges, pits, holes or even 

nanopores on graphite surfaces as a means of increasing HET kinetics and improving on 

electrochemical activity.20,23,25,46,48,49 The improved electrochemical activity can be understood by a 

high DOS - via band gap opening- near the Fermi level of graphene in the vicinity of a point defect, 

so that there is a larger overlap between the electronic states of graphene and the redox couple. This 

overlap facilitates the HET from graphene to the redox couple. Thus, rational control of the defect 

density can tune the electrochemical activity of graphene, and carbon electrodes in general, in such a 

way as to result in better performance of graphene-based electrochemical devices.49–51 However, 

defects - when in excess - can also scatter carriers, resulting in decreased conductivity.52–54  

Thus, various techniques to create edges on the basal surfaces exist such as laser ablation technology, 

23,48 thermal treatments meant to create pits or edges on graphite basal surfaces, abrasion techniques 

such as mechanical polishing, which are meant to not only create edges, but also remove existing 

surfaces to expose new or pristine surfaces.1–3 Irrespective of the various techniques employed to 

increase edge density, even to the extent of some proposing to work with an array of edge 

electrodes,12,55–57 the aging problem continued with no workable solution in sight. 

At the turn of the second decade of the new millennium, using different HOPG grades with some 

having zero edge density and others with varying surface edge densities, it was discovered that the 

HET on the HOPG surface was not because of edges per se, and that its basal surfaces were 

themselves electrochemically active. 58–61 Again, these researchers noted that contrary to the old 

views that held that the HOPGs have inherently sluggish electron transport kinetics, they reported that 

these were so because cyclic voltammetry were performed on the HOPGs’ electrodes long after the 

HOPG were exfoliated off their bulk – long enough for oxidation-induced sluggish electron transport 

or aging to have sufficiently deteriorated the HET kinetics. In fact, the electrochemical reactivity of 

these freshly exfoliated HOPG surfaces and freshly prepared graphene also responded to the 
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increased water contact angle (WCA) on exposure to ambient air. This increased WCA is due to 

surface contaminants such as hydrocarbons, which decrease the HET kinetics on the electrode-

solution interfaces. 8,21  

 

1.3.1 What the New View Tells About the Misconceptions Held Previously  

 Most old view proponents believe that the visible edge or defect density would correlate to a 

high ratio of defect peak intensity (ID), to the actual graphite (sp2) peak intensity (IG); that is, the ID/IG, 

on Raman spectrum, and a corresponding increase in fast HET kinetics. Little wonder the practice 

continued in a herd-like manner for some fifty years before the advent of the new view. The 

misconception held by the old view is because of the inadequate understanding of defect intensity (ID) 

contributors and significance, what vibrations and carbons participate in the D band intensity of the 

Raman spectrum and even, what nature of sp2 carbons contribute to the G band.  

Indeed, low surface defects, such as those induced by laser bombardment, accelerate HET by 

inducing mono- and divacancy defects.51,62 These defects, for example, point vacancy defects, induce 

midgap states with high DOS near the Dirac point.  The induced midgap states by the point defects 

are spatially localized around the defects.50,51 Thus, low defect carbon material electrodes, (for 

example, when graphene is employed as an electrode for cyclic voltammetry) provide higher DOS 

that enlarge the overlap potential between the electronic states of the graphene electrode and a 

corresponding redox probe, which facilitates HET from graphene to the redox-probe (reduction).51 

When carbon material signatures are probed for defects using Raman spectroscopy, the Raman modes 

interrogated for, since these carbon materials such as graphite, graphene, and carbon nanotubes have 

finite-size domains, the selection rule is relaxed to allow the participation of phonons near  (Center 

of the Brillouin zone), on the Brillouin zone, with ∆q  2/d, where d is the dimension of the 

crystalline domain. This is unlike the Raman modes in single crystals, which obey the fundamental 

selection rule q  0, where q is the wave vector of the scattered phonon.63 Therefore, defects show up 

on the Raman spectrum as shown in Figure 1.2, where at low defect density, the defects are separated 

and independent.51 
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The D and D′ bands are disorder induced bands,64,65 with the vibrational modes of the D bands arising 

from edge-zone phonons while those of the D′ bands arise from mid-zone phonons (Figure 1.2).65 The 

D peak occurs at ca. 1355 cm-1 and is a breathing mode of A1g symmetry involving phonons near the 

K zone boundary in K space. This mode is forbidden in perfect graphite and is only Raman active in 

the presence of disorder. This mode is dispersive – varying with photon excitation energy. The 

intensity of the D peak is strictly connected to the presence of six-fold aromatic rings. The intensity of 

the D band (ID) varies inversely with the interlamellar spacing, La.
63 When defect occurs such that 

misorientation occurs (as in high defect sites), and this misorientation is larger than the six-sided 

boundary structure offered by surrounding aromatic rings, the boundary structure is more complicated 

and is referred to as a region of disorder or structurally disordered area between two or more crystal 

grains (Figure 1.3a).66 Eventually, these structurally disordered areas begin to coalesce, scattering 

charge careers responsible for conductivity, thus leading to a decrease in conductivity. 

Microscopically at this phase, the electrons are highly scattered, and the conductivity drops markedly 

because of the loss of the perfect sp2 crystalline lattice, which supports the electron transport in the 

basal plane by forming the substratum for  delocalization along the various lattice sites of the 

hexagonal sp2 structures.51,63 Taken all together, even though the D peak is characteristic of 

Figure 1.2: The Raman spectrum of a carbon material showing the vibrational modes responsible 

for various peaks and bands of the Raman carbon finger print. Modified from Reference 64 
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polycrystalline graphite, 67 it occurs in many less-ordered or structurally disordered carbons65 and in 

fact, since the intensity of the D peak is inversely proportional to La, the ratio of the D to G peaks can 

signify the transition from polycrystalline to amorphous carbons,68 in the so-called Tuinstra-Koenig 

transition. 67 The D band is an intervalley process between K and K′ points in the Brillouin zone, in 

which the excited electron is scattered by a phonon and a defect (one-phonon, double resonance 

Raman scattering).69 

The G peak mode at  1580 cm-1 is due to the E2g symmetry (Figure 1.2), and is non-dispersive and so 

does not vary with photon excitation energy as a function of the probing laser intensity employed.70 

As seen from Figure 1.2, its eigenvectors are sensitive to and encompass the in-plane bond-stretching 

motion of sp2 C atom pairs. This mode does not require the presence of six-fold rings and occurs on 

all sp2 sites and not necessarily those in rings. Thus, it is active in aromatic as well as olefinic 

molecules with a broad band that lies between 1500 – 1630 cm-1.  

For less perfect graphites, that is disordered graphites, the phonon density of states is not associated 

with the mid-zone phonons, but solely with the edge zone phonon D peaks.68 The appearance of the 

mid-zone phonon density of states is characteristic of the disorder induced D′ peak, which is also a 

characteristic feature of more perfect, more polycrystalline graphites. The D′ peak arises from a 

conformational excursion from the G band, due to disorder, which causes the G peak (1580 cm-1) to 

broaden and upshift in frequency; thus, reflecting the high density of phonon states near 1620 cm-1 for 

midzone phonons.65,71 Like the D′ peak precursor, the G peak mode is due to the E2g symmetry 

(Figure 1.2),63 and exhibits dispersive effects on the Raman spectrum.70 The D′ peak, arising from 

vibrational density of states of mid-zone phonons, is indicative of in-plane crystallite size ordering, 

the onset of three-dimensional ordering, and the establishment of long-range three-dimensional 

ordering,65,71 - all important conditions required for -electron delocalization from one crystallite 

plane to another crystallite plane in a supposedly high order polycrystalline carbon material (Figure 

1.3b). In fact, while the appearance of the D- and G-modes, is characteristic for nano-crystalline 

carbon colloids such as amorphous carbons, 72 the D′ peak is a major distinguishing trait for long-

range three-dimensional ordering in polycrystalline carbon materials.65 The D′ band arises from an 

intravalley process, - a phonon probing process and backscattering from a defect on the same 

Brillouin zone (one phonon, double resonance process).69 

The G′ or 2D peak appears in the range 2500–2800 cm-1 (Figure 1.2) and corresponds to the overtone 

of the D band. This band is symmetry-allowed and appears in the second-order Raman spectra of 

crystalline graphite, even for those without any form of disorder.64 Like the D band, it arises from the 

vibrational density of states of the edge zone phonons and is dispersive in nature – varying as a 
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function of the probing laser wavelength and intensity.64,70,73 While the D peak arises from a one-

phonon, second-order (double resonance) Raman scattering, the 2D peak arises from a two-phonon 

second-order (double resonance) Raman scattering event. The 2D two-phonon scattering events 

involve either the same phonon modes (overtone mode) as in the case of disordered carbons or 

different phonon modes (combination modes) as in the case of perfect crystals without disorder.  

 

 

 

 

 

 

 

 

 

 

 

 

For graphite, there are two equivalent-energy circles around the K and K′ points, which are two in 

nonequivalent hexagonal corners of the Brillouin Zone. Thus, a phonon scattering event is expected 

either near the K (or K′) points or a scattering event that takes an electron from the K to K′ (or from 

K′ to K) points (Figure 1.4). The former is referred to as an intravalley scattering, while the latter is 

referred to as intervalley scattering. 73 The 2D mode, is an overtone of the D peak, where the electron 

is backscattered by a second phonon instead of a defect.74 Thus, the 2D band spectra arise from a two-

phonon, inter-valley, second-order Raman scattering process, where this band (2D) is free from defect 

effects (Figure 1.5), and the corresponding experimental signal intensity is comparable to that of the 

G band signal intensity. 73  

 

 

(a) (b) 

A region of disorder 

Figure 1.3: (a) A region of disorder or structurally disordered area between crystallite grains of surrounding 

aromatic rings. (b) Higher order polycrystalline carbon material with six-sided aromatic rings that are 

contiguous to each other. This condition permits -electron delocalization from one crystallite plane to another. 
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Figure 1.4: Brillouin zone and contour plot of the π∗ band of graphene. The arrows indicate the two-

possible double-resonant transitions. The phonon wave vectors are close to the K or the Γ point of the 

Brillouin zone. Reference 74. 

Figure 1.5: Double resonant scattering for the valence and conduction bands. (a) Electron-hole excitation 

followed by non-resonant phonon scattering. (b) Intravalley process giving rise to the D’ band: Phonon 

(resonant) + defect scattering. (c,d) Intervalley processes giving rise to D and 2D processes with phonon 

(resonant) + defect and double phonon processes, respectively. Reference 69.   
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As the graphene layers in the graphites increases and are properly stacked up, there is a splitting of 

almost all the electronic and phonon bands, which are measurable. This splitting leads to a change in 

the 2D band from a one peak to a more-than-one peak structure.75 76 77 The presence of only one 2D 

peak suggests a turbostratic graphite, where there is no stacking order between adjacent layers (c axis) 

and the interlayer separation (0.342 nm) is larger than that for crystalline graphite (0.335 nm). A 

turbostratic graphite can be considered as a 2D graphite. As the number of graphene layers increases, 

the shape of the 2D band tends to that of a 3D graphite (Figure 1.6). A reduction of the stacking 

faults, as in turbostratic graphite, is important for reducing the friction of graphitic materials.64 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The Raman modes at about 2450-, 2950- and 3250 cm-1 are also two-phonon processes referred to as 

the D+D˝, D+D′, and 2D′, respectively. These bands arise from defect-related bands and their 

combinations and overtone modes.78 The D˝ is a disorder induced band occurring around 1100-1200 

cm-1.69  

 

Figure 1.6: Evolution of the 2D band Raman spectra with the number of graphene layers increasing to 

form graphite for laser wavelength,  of (a) 514nm and (b) 633nm. Reference 75. 
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1.3.2 Old vs New: The Role of Oxygen Functional Groups for Electron Transport    

There have been arguments and counter-arguments on the role of surface oxides in the HET kinetics 

of graphites and carbon materials in general. While some redox systems were classified as ones 

catalyzed by surface carbonyl groups, some other ones were not such as Fe(aq)
2+/3+, Eu(aq)

2+/3+, and 

V(aq)
2+/3+, which were reported to be very sensitive to the density of surface C=0 groups. These C=0 

groups provide a catalytic route to increase an inherently slow HET kintics.25,79,80 

The above-mentioned redox couples are termed inner-sphere because contact is made between the 

electrode materials and the redox couple for electron transport to occur. In outer sphere redox 

couples, such as potassium hexachloroiridate(III), hexaammineruthenium(III) chloride, the HET 

kinetics are reportedly insensitive to the surface chemistry of the materials.25 For ferri-ferrocyanide 

(Fe(CN)6
3-/4-), the HET kinetics are even hampered by the presence of surface oxides. 26 In fact, 

electroreduction – to remove surface bound oxides- has been reported to specifically accelerate the 

HET on an outer sphere redox couple (Fe(CN)6
3-/4-) (Figure 1.7) by specifically removing oxygen 

species.81 The depressed HET involving Fe(CN)6
3-/4- and carbon materials with surface oxides is 

suggested to be due to electrostatic repulsion between negatively charged ferricyanide species and the 

negatively charged oxide moieties, resulting in a larger electron tunneling distance between the redox 

couple and the carbon material and thus, more sluggish HET kinetics. 82,83 

The HET is solely dependent on the DOS of the materials for inner sphere redox couples so that 

aquated complexes or other bridging complexes, as is requisite in the inner sphere couples, are not 

pre-requisites for fast HET.80,84 However, the question remains: when the influence of redox couples 

is taken away, is oxygen important in fast HET kinetics? This question becomes even more 

paramount since fast HET on oxygen bound graphene species probed for HET kinetics with an outer 

sphere redox couple (Fe(CN)6
3-/4-) has been documented in the literature.85 

It has been documented that oxygen-containing groups disrupt -conjugated sp2 networks of graphene 

islands in graphene oxides, thus degrading electrical conductivity in these materials. 81,83,86 The 

elimination of these oxygen functionalities by either high temperature annealing or solution-based 

reduction have subsequently restored the sp2 networked graphene islands, (Figure 1.8) increased the 

DOS, and partially restored or improved the HET kinetics.14,49,81,83,86 

 

 

 



11 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In terms of surface oxides enhancing HET with redox-couple (Fe(CN)6
3-/4-) that is associated with 

sluggish HET on carbon materials, it has been reported that although oxides do not contribute to fast 

HET, they may not hinder electron transport if these oxide species are sequestered off graphene 

islands.87 Thus, there could still be some fair amount of oxide on the surfaces of materials but with 

enough sp2 -conjugating network to permit shorter distance electron tunneling between core 

conjugating sp2 networks and the Fe(CN)6
3-/4- as in the example above. In summary, oxygen 

functional groups do not enhance electron transport on graphite or graphene surfaces but in fact, 

hinder electron transport by disrupting sp2 -conjugating network. 

Figure 1.7: A) Representative cyclic voltammograms obtained with graphene oxide (GO) film-modified screen-

printed carbon electrode (SPE) after the electrochemical reduction treatment at different potentials in the 

presence of an 5 mM ferro-/ferricyanide redox probe. B) Area percentages of the bars corresponding to: sp2 

carbon (red), sp3 carbon (grey), C-O groups (blue), C=O groups (green) and O-C=O groups (violet) measured 

after the electrochemical reduction at different reduction potentials. Reference 81.  
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Of importance also, is that the old view proponents did not factor the electronics of these carbon 

materials as being of much significance to their HET, since many believed that since electrochemistry 

is a surface science, then the HET would be solely controlled by surface chemistry without much bulk 

effect. However, it is currently an accepted view that even though the surface chemistry such as 

surface functional groups and edges have contributory effects on the surface properties of these 

materials such as WCA and HET, the electronic properties in the bulk layer ultimately control the 

overall surface properties of these materials.6,51,62,88,89 In fact, when surface chemistry was pitted 

against the DOS, the DOS played a dominant effect upon surface chemistry.62 Thus, it would be 

worthwhile to explore the electronic nature of carbon materials to understand their possible 

contribution to the DOS, which is an important contributor to HET kinetics.  

 

 

Figure 1.8: The partial restoration of conjugated sp2 bonded carbon networks and its correlation with the 

removal of oxygen moieties from the chain. Reference 86. 
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1.4 The Electronic Nature of Carbon Materials  

The electronic structures of graphite, graphene, carbon nanotubes and fullerenes are very similar 90–94 

all being different allotropic forms of carbons. Graphene is a monolayer thick of graphite while 

carbon nanotubes and fullerenes are rolled up sheets and circularly folded sheets of graphene – the 

monolayer building block of graphite (Figure 1.9).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Monolayer graphene 

Fullerene Carbon nanotube Graphite  

Figure 1.9: Monolayer graphene, a two-dimensional (2D) carbon material form the building block for 

fullerene (2D-material), when it is rolled up into “buckeyballs”, or carbon nanotube (2D-material), when 

rolled into cylinders or stacked up into multilayers to form the three-dimensional graphite. Reference 95.  
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Basically, their hybridization status is sp2, which leads to a trigonal planar structure with three in‐

plane sp2 σ bonds and one out‐of‐plane π bond.69 This  bond, from a 2pz orbital overlaps or mixes by 

covalently bonding with a neighboring singly occupied 2pz orbital (a 2pz–2pz overlap) to form the  

bond housing the  electron - the so-called wandering, unhybridized π electron orbital -the fourth 

electron- as the charge carrier between neighboring site-to-site interactions by wandering across the 

two-dimensional crystal.96 This wandering or delocalized -electron – hopping from site to site on an 

intact sp2 crystal lattice - determines the electronic and optical properties92,94,97 and deductively the 

conductivity, electrochemical and electrical properties of the material under study. While the sp2 

contributes only to the intra-plane bonding, the 2pz orbitals contribute to  bonding both intra- and 

inter-plane; with an intraplane spacing of 142 nm and an interplane spacing of 335nm. The interplane 

interaction is comparatively weaker than the intraplane interaction. 98 
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(a) 

(b) (c) 
Dirac Cone 

Figure 1.10: (a): A 2D structure of the polycrystalline lattice of a carbon material, e.g., graphene, showing the 

hexagonal, honeycomb-like lattice structure. The carbon atoms are covalently bonded to their neighboring carbon 

atoms, while 2p orbitals bond together to form the -orbital. It is this orbital that houses the wandering -electron, 

which hops from site-to-site along the polycrystalline lattice of the 2D material. (b) The band structure of graphene 

(a 2D carbon material) showing the 6 points of the Brillouin zone. A magnification of a Dirac point, showing the 

point where the conduction and valence bands just touch. (c) A 2D-representation of the hexagon along the 

Brillouin zone, showing the simple tetragonal (along K1 and K′ axis) and face-centered (FCC) (along K′ and K2 

axis) Brillouin zones (Figures b and c were modified from https://universe-review.ca/R13-16-graphene.htm#top).  

 

https://universe-review.ca/R13-16-graphene.htm#top
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On the other hand, the σ bonds are responsible for the robustness of the lattice, in which each carbon 

atom in graphene’s honeycomb lattice, for example, forms strong covalent bonds with its 

neighbors.69,96 Figure 1.10 illustrates the dynamics of the hexagonal, honeycomb-like structure of a 

2D sp2 crystal lattice with the Brillouin zone and an elaboration of the Dirac points. While Figure 

1.10a shows the polycrystalline lattice of a 2D component of carbon (e.g., graphene), exemplifying 

how a -electron can hop along the crystalline lattice site, Figure 1.10b peeps into the electronic, 

band-structure of a hexagonal lattice to reveal the 6-sides of the Brillouin zone. This band-structure 

picture describes the energy dependence of the electronic motion of the  electron along the Kxand 

Ky axis. Graphene or monolayer graphite has valence and conduction bands that just touch at discrete 

points in the Brillouin zone. Since the Fermi level is very close (0.024 eV) to the baseline, i the 

energy (E) is approximated to be zero at the Fermi level. Now, the effective width of the bandgap at 

f  is zero, the graphite monolayer or graphene is classified as a zero-overlap or zero bandgap semi-

metal,96,98 95 in that it is neither conducting nor insulating and with one type of electrons and one type 

of holes.95 The DOS for graphene at E = 0 is symmetrical, reflecting the bipartite nature of the 

hexagonal, honey-comb lattice. 98 Therefore, for a single graphene sheet, the DOS is in (Equation 1): 
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where BZ is the Brillouin zone; V1 reflects nearest neighbor interactions in the hexagonal or 

honeycomb lattice; t, is a matrix operator of the eigenfunction V; and  reflects the geometry of the 

entire hexagon. 

Monolayer graphite or graphene can then be described as a zero-band gap material where the energy–

momentum dispersion relation becomes linear around those two points. Consequently, an electron has 

zero effective mass and behaves more like a photon than a conventional massive particle whose 

energy–momentum dispersion is parabolic. The symmetric topology of graphene, therefore, prompts 

its electrons to obey equations of motion derived from the relativistic (2+1)-dimensional Dirac 

Hamiltonian with an effective speed of light, vF ≈106 m/s. These quasiparticles, called massless Dirac 

fermions, could be described as electrons that lost their rest mass m0 or as neutrinos that acquired the 

electron charge e.95 96 The dispersion of the energy-momentum for these Dirac fermions can be 

described by the relativistic energy equation (Equation 2)  

E = │ℏk │vF,      (2) 
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where vF is the Fermi velocity and k its momentum.96  The Fermi velocity vF of electrons or holes 

(Dirac fermions) then replaces the speed of light in the Dirac equation so that the dispersion curve 

would imply that the electrons’ mass vanishes throughout a large range of momentum values in the 

crystal lattice.95,96 

A flat or 2D representation of the Brillouin zone is shown in Figure 1.10c. In a simple tetragonal 

lattice, an electron at the X point is scattered to a symmetry equivalent state either by a Γ- or an M-

point phonon (along K1 and K′ axis). In the face-centered cubic (FCC) or diamond lattice, X or Γ-

point phonon vibrations yield scattering from one X point to another X point (symmetry-imposed 

resonances) of the Brillouin zone (along K′ and K2 axis).74 

The electronic bands are shaped in a cone structure, giving rise to the term, Dirac cone (Figure 1.10b). 

The curvature of the Dirac cone can be modified by the interaction of some molecules with the sp2 

carbon matrix to form mixed or hybrid sp2/sp3 state,69,99 therefore disrupting the sp2  networks as 

earlier mentioned with the case of oxygen.14,49,81,83,86 

For graphite which is multilayer graphene sheets, with graphene sheets above and below overlapping 

with a sheet stacked in between, the DOS at the Fermi level is nonzero. In fact, the DOS would be an 

infinite sum of the DOS of graphene sheets stacked one above the other with one sheet interacting 

with two sheets – one above and below (Equation 3).98,100,101 The DOS for bilayer graphite is therefore 

the sum in the DOS of two single-layer graphene sheets as expressed below in Equation 3.98  

 
   

2 2

2 22 22 21
0 2 1 2 1

1
Im lim

stBZ

t V t V
E d

V t V t V V
 

  

    
    
       


               (3) 

Where +V2 and -V2 reflect shifts (eV) in nearest neighbor interactions between two layers in the 

hexagonal or honeycomb lattice. For the case of simple hexagonal graphite with infinite number of 

graphene sheets (Equation 4), 98 
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
   

(4) 

Where c is the interlayer spacing. Near neighbor interactions, V3 is to make the DOS asymmetric 

about F (the Fermi energy level), while the parameter V4 effectively increases the strength of the 

interplane interaction, hence exaggerating the effect of V2 (V2 are interactions between atoms directly 
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above one another in the hexagonal or honeycomb lattice).98 Due to the stacking of monolayer 

graphene sheets in the simple hexagonal graphite, there is a breakdown of symmetry, which is present 

in the monolayer graphite or graphene. Thus, the electronic density of states of graphite near the top 

of the filled band is asymmetric about the energy where this band touches the next, unfilled, 

band.98,102  

 

1.5 New Concepts, New Paradigms, Possible Solutions 

In recent times, there have been intense efforts to study the link or actual relationship between 

interfacial chemistry (reactivities on carbon electrode surfaces) and the electrode structure/electronics 

(bulk layer). 103–105 Most solutions to the aging problems of graphites, and  graphenes, for example, 

have always depended on a top-down approach, i.e., modify the surface to enhance electron transport 

activity as noted above,1–3 without consideration of the electronic nature of these materials. This is 

because it has been reported that surface chemistry has profound influence on the electronic 

configuration of these carbon materials. 106–108 However, since the results of the treatment or 

modification protocols have always been temporary with numerous and sometimes conflicting 

reason(s) for the variations in HET kinetics and even capacitance of carbon materials,4,58–60,109 an 

alternative and probably, better approach was to try a bottom-up approach. That is, rather than move 

from surface chemistry to structure-function, the electronic properties of the carbon materials could 

be tuned to influence both the surface chemistry and structure-function properties. As a proof of 

concept, the wetting and porosity of graphene was tuned to become hydrophilic from hydrophobic 

(due to the adsorption of surface hydrocarbons) by doping.110–112 These techniques increase the 

electron density around the aromatic rings, causing the displacement of the Fermi edge from the Dirac 

points (increasing the density of states around these points leads to band gap opening or non-zero 

band conductor properties)112 and prove that the electronics can change the surface chemistry 

independent of surface functionalization.  

In the present study, the electrochemistry, wettability and porosity of aged graphite materials were 

approached by tuning their electronic properties. These tuned materials were used as scaffolds for the 

deposition of highly crystalline, defect-free Prussian blue nanoparticles. Eventually, the stability of 

the tuned graphites to their pristine counterparts was probed via various techniques to elucidate how 

and why the tuned electronic structures of graphite could confer such stability in comparison to their 

pristine samples. 
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Table 1.1: Table of acronyms and meaning 

Symbol    Meaning 

∆q Phonon energy difference required for a transition between states in 

the Brillouin zone 

D Disorder induced bands arising from edge-zone phonons at  1355 

cm-1 on the Raman spectrum of graphite 

D′ disorder induced bands arising from mid-zone phonons at  1620 cm-

1 on the Raman spectrum of graphite 

2D  Overtone of the D band or from different phonon modes 

(combination modes) and appears in the range 2500–2800 cm-1 

G′  Overtone of the D band or from different phonon modes 

(combination modes) and appears in the range 2500–2800 cm-1 

ℏ Planck’s constant 

ID    Defect peak intensity 

IG    Graphite (sp2) peak intensity 

ID/IG    Ratio of defect peak (ID), to graphite (sp2) peak (IG) intensities 

k  Momentum of a Dirac fermion (massless electron) 

K points The middle of an edge joining two hexagonal faces, in the Brillouin 

zone, in a face centered cubic (FFC). Lies adjacent to the K′ point 

K′ points The middle of an edge joining two hexagonal faces, in the Brillouin 

zone, in a face centered cubic (FFC). Lies adjacent to the K point 

La Interlamellar spacing between hexagonal units in graphite 

    Center of the Brillouin zone 

m0 Rest mass of a Dirac fermion 

M-point The center or midpoint of a rectangular face, between K and K′ 

points 

vF  Fermi velocity of a Dirac fermion (massless electron) 
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Abstract 

On thermal treatment, eight different graphite materials became resistant to air aging for at least nine 

weeks compared to the usual time of hours to a few days when assayed in 1 mM ferri-ferrocyanide 

solution. In addition, resistance to aging lasted at least seven days when immersed in 1 mM ferri-

ferrocyanide solution compared to the frequently reported few minutes to hours. Experimental results 

confirm that with heat treatment, HOPG-ZYH, graphite rods, pyrolytic graphites, graphite felts, and 

natural and artificial graphites undergo structural reorganization that leads to restructuring of their 

electronic nature. This electronic restructuring enhances and sustains their electrochemical properties. 

The extent of reorganization is dependent on the initial disordered state, which in turn is important to 

the final structural and electronic conditions. These results strongly suggest that the primary factor 

enhancing the electronic response of heat-treated materials is from an overall higher density of states 

(DOS) localized on delocalizing π bonds compared to their controls. This structural reorganization of 

the graphites also supports a degree of crystallinity along the lattice sites that enables carrier hopping 

irrespective of adventitious oxygen-containing and hydrocarbon moieties that are associated with 

aging-induced sluggish electron transfer kinetics. The attributes of this electronic structure 

demonstrate a strongly correlated system that exhibits a non-perturbative behavior. A one-

dimensional Hubbard model describes this behavior to explain the surface-to-electronic chemistry of 

treated graphites by addressing both their enhanced electrochemical performance and their delayed or 

reduced aging effects. 

 

Keywords: graphites, aging, fast HET, disorder, density of states, electronic structure 
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Introduction 

Heterogeneous electron transfer (HET) kinetics are fundamental in solid carbon materials (electrode)-

electrolyte interactions and play significant roles in molecular electronics, electrochemical energy 

storage and conversion, sensing, and electro-oxidative reactions.1–10 The electronic density of states 

(DOS) dominates the HET kinetics of these carbon materials due to the probability that an electron 

with the appropriate energy may transfer to a redox probe.11–14 Thus, the HET rate increases when the 

electrode having sufficient electronic states with energies near the formal potential level of the redox 

probe involved has overlap between its (electrode) energy levels and those of the redox states in 

solution.5,12–16 Electronic states of carbon electrodes could be determined by surface states or 

structures11,14,17 such as defects14,18,19 and functional groups.14,20 It is thought that the kinetic 

preferences of these functional groups for electron transport, even though often unknown,20 remain a 

key component for the resultant electrochemical responses of carbon materials to redox probes.20 

Thus, techniques and/or procedures aimed at increasing the DOS by either introducing, modulating, 

and/or manipulating surface functional groups and defects ultimately result in reciprocated responses 

to electrochemical activities of carbon electrodes. These include mechanical polishingas commonly 

employed on glassy carbon electrodes, vacuum heat treatment or heating under inert gas, combined 

treatment of the electrode with organic solvents and activated carbon, laser ablation or laser-based 

thermal treatment protocols, electrochemical polarization such as pre-anodization, various chemical 

exposures, and plasma activation treatments with radio-frequency (RF), hydrogen, and 

microwave.21,22 

Treatment procedures aim to improve one or more properties of the graphite and/or carbon materials, 

such as capacitance23–26 and/or the HET kinetics property of solid electrodes27,28 via various 

mechanisms, though sometimes similar. Regarding electron transport, different treatment procedures 

yield structurally distinct surfaces with varying electron transfer rate constants.27 For example, laser 

ablation and vacuum thermal treatments can promote electron transfer by desorption of impurities and 

formation28–30 or exposure of active regions28,29 without the contribution of oxygen-containing 

functional groups.28 Additionally, laser treatment and anodization promote fast electron transfer by 

creating edge plane defects,27 while treatment with organic reagents promotes electron transfer by 

desorbing impurities from electrode surfaces.31 However, chemisorbed species can hamper electron 

transfer kinetics, particularly oxygen containing groups28,31–33 and hydrocarbons34–37 on carbon 

electrode surfaces such as graphite and graphene. Thus, it is generally accepted that the surfaces of 

solid carbonaceous electrodes are gradually deactivated during exposure and adsorption of 

adventitious impurities from air or electrolyte solutions preceding electrochemical experiments38 and 
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resulting in sluggish heterogeneous electron transfer (HET) kinetics due to aging22 and accompanying 

impediments for various uses of carbon materials.6 11 

The present work focuses on resistance to aging of graphite materials thermally treated in air for at 

least 9 weeks and in ferri-ferrocyanide redox couple [(Fe(CN)6]
3-/4- (1 M KCl)) for 7 days. Results 

include a total of eight carbon materials including HOPG-ZYH, two different pyrolytic graphites, 

artificial and natural graphites, graphite rod, and two graphite felts (GFA3 and GFA5). Investigations 

on material behaviors through FTIR, Raman, XPS, UPS and water contact angle measurements were 

designed for periodic monitoring and evaluation of resistance to aging relative to control samples 

undergoing no heat treatment. Graphite heat treatments typically result in higher-ordered 

physicochemical states, which can be described via the folding funnel model.39–41 Empirical data in 

support of the model implies that there exists a path to a minimum Gibbs free energy of extent of 

crystallinity—or more probably a multiconfigurational ensemble of localized minima of metastable 

and stable states in real materials—irrespective of the starting graphite (with respect to the graphites 

employed herein) such that the converted microscopic graphite state is mainly aromatic. This new 

graphite state would possess a degree of crystallinity along the lattice sites that enables carrier 

hopping irrespective of adventitious oxygen-containing and hydrocarbon moieties, which are 

synonymous with aging-induced sluggish electron transfer kinetics. This would suggest an 

unperturbed or lesser-perturbed electronic structure signifying a diminution of Coulombic (repulsive) 

contributive forces. A one-dimensional Hubbard model42 facilitates an explanation of the surface-to-

electronic (or vice-versa) chemistry of the treated graphite materials where the heat treated materials 

have enhanced and sustained electronic/electrochemical properties in contrast to the controls and 

irrespective of any adventitious functional surface groups. 
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Results and Discussion 

Cyclic voltammograms (CVs) of control and treated graphite materials in 1 mM [Fe(CN)6]
3-/4- redox 

couple solution are shown in Figure 2.1 for the HOPG-ZYH samples as an example comparator while 

the other graphitic materials are in the Supporting Information (Figure S2.1). The ∆Ep of the control 

graphites widened on subsequent scans signifying increasingly sluggish electron transfer. This is 

unlike the treated materials that had steady and consistent CVs on scanning several times in the redox 

solution since in general, electron transfer response of carbon electrodes deteriorates on subsequent 

scans in redox couples.17,43,44 The ∆Ep of the control HOPG-ZYH was 65±5 mV when peeled fresh. 

These electrodes aged to 760±5 mV in 24 hours and did not age more afterwards even at the end of 

38 days when testing halted on its control (Table 2.1). The other control graphites behaved similarly 

to the HOPG, having much higher ∆Ep at the end of the air-aging experiment. The treated HOPG had 

a higher than usual ∆Ep at the end of 64 days unlike the other treated graphites. 

The CVs of the treated graphites, when compared to their controls and graphite/carbon materials from 

the literature,2,12,35,44,45 suggest that surface structural and/or electronic changes are responsible for our 

observations. Additionally, the increase in HET across eight different graphite materials from various 

graphitic strata indicates that whatever mechanism is responsible for the trend is common for 

graphitic materials. In addition to fast HET, the increased capacitance of graphite felts (GFA3 and 

GFA5 (Figure S2.1 (h1-i2)) and the symmetric behavior of the treated graphite rod capacitance, even 

at high scan rates (Figure S2.1 (g2)), suggest that thermal treatment modulates not just the pathway 

for fast HET kinetics alone, but probably other electrochemical properties of the graphites (in this 

case, the graphite felt capacitance). Whatever the mechanism(s) of change involved would have likely 

modulated the fundamental structure(s) of these materials. These would include, for example, their 

degree of crystallinity, Raman signatures such as the intensity ratios of their D-to-G bands and other 

electronic properties such as their LUMO and HOMO bands. Enhanced HET in aged control graphite 

felts over the fresh controls without a corresponding increase in capacitance is noteworthy and its 

importance is further discussed with the XPS results. 
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The heterogeneous electron transfer rate constants (ko [cm/s]) for the pristine control (denoted with 

“C”) and thermally-treated graphites (denoted with “T”) in Table 2.1 derive from the relationship 

between peak potential separation (∆Ep [mV]) and the kinetic parameter (see 46 for 𝜓 values) 

according to the Nicholson equation:46 
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The rate constant results apply for α = 0.5 and diffusion coefficients values for Fe(CN)6
3-/4- (1 M KCl) 

of DO (7.32 × 10-6 cm2-s-1) and DR (6.67 × 10-6 cm2-s-1).47 

 

 

 

Figure 2.1: Cyclic voltammogram (CV) trends for the control (a) and treated (b) HOPG-ZYH at the start 

(black), 24 hours (red dashed line), and end of the experiment (= 0.05 V/s in 1 mM ferri-ferrocyanide; n = 

3): (a) dotted blue CV at 38 days, (b) solid blue CV at 64 days. 
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ak0 [cm/s] in 1 mM Fe[(CN)6]3–/4– and at ν = 0.05 V/s. n = 3. 

 

 

 

 

 

 

Electrode Type DEp(Start)(mV) K0
(Start) (cm2.s-1) End Day DEP(End)(mV) K0

(End) (cm2.s-1) 

 
HOPG-ZYH C 69±3 1.7910-2±6.510-3 38 863±5 6.3210-7±5.710-8 

 T 66±2 2.6110-2±1.810-2 64 323±20 3.4010-4±2.910-5 

       
PG_(K&J) C 312±48 3.5310-4±8.010-5 63 532±56 1.7610-4±2.310-5 

 T 65±1 3.2610-2±2.010-2 64 76±2 1.0910-2±1.110-3 

       
PG_(UN) C 183±30 1.1010-3±4.010-4 63 430±69 2.3010-4±5.010-5 

 T 65±2 3.2610-2±9.810-3 64 84±2 6.5210-3±4.010-4 

       
Art Graphite C 425±14 2.3310-4±9.510-6 63 573±23 1.1910-4±5.110-5 

 T 66±4 0.026±(*) 64 93±2 4.7710-3±2.910-4 
±(*) = 0.026-0.016  to  0.026+0.036 

       
Nat Graphite C 74±7 1.2010-2±5.010-3 63 105±4 3.2610-3±3.810-4 

 T 65±2 3.2610-2±9.810-3 64 90±4 5.3010-3±7.610-4 

       
Mech stressed C 145±25 1.6010-3±5.010-4 63 245±6 5.1010-4±2.010-5 

Natural graphite T 67±2 2.2810-2±7.310-3 64 89±8 5.5010-3±2.010-3 

       
Graphite rod C 69±2 1.8010-2±4.010-3 63 94±8 4.6010-3±1.210-3 

 T 40±2 1.02±0.09 64 40±2 1.02±0.08 

       
GFA3 C 211±22 6.5010-4±2.510-4 82 66±2 2.6110-2±9.810-3 

 T 171±14 1.2010-3±2.010-4 82 118±4 2.5010-3±2.010-4 

       
GFA5 C 165±19 1.3010-3±3.010-4 85 93±9 4.7610-3±1.410-3 

 T 150±7 1.5010-3±1.010-4 85 128±3 2.1010-3±1.010-4 
        

       

   
 

Table 2.1: ΔEp (mV) and Accompanying Rate Constantsa of the Treated and Control Graphites 

Aged in Air.  

https://pubs.acs.org/doi/10.1021/acsanm.8b01887#tbl1-fn1
https://pubs.acs.org/doi/10.1021/acsanm.8b01887#tbl1-fn1
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Unlike previous reports where HOPG-ZYH heated at 650 °C formed multilayer pits,48,49 the treated 

HOPG-ZYH surface shows no pits and limited flaking with step defects seen also in control samples 

(Figure 2.2). Higher magnifications hint at limited surface exfoliation to expose few layers. Control 

samples show only surface roughness and defects attributable to the typical process of removing from 

bulk samples. A lack of pitting on treated samples suggests that the facile electron transport even 

when aged cannot be mainly attributed to edge exposure. 

Other extended and planar graphites when treated show no changes in surface morphology when 

compared to their controls (Figure S2.2), although fiber felts GFA3 and GFA5 do (Figure S2.2). Even 

though the formation28–30 or exposure of active regions28,29 such as step or edge defects on graphite 

basal planes facilitate HET,17,45,50–55 the SEM micrographs reveal only slight etching on the graphite 

felts. This strongly implies that surface defects are not generally responsible for facile HET in the 

treated graphites, since all sets displayed heat-treatment-induced HET kinetics enhancement. 
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Figure 2.2: SEM micrographs of (a) the control and (b) treated HOPG-ZYH (scale bars: 100 m); higher 

magnifications (1.04k×), respectively (top scale bars: 10 m). 
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Graphite felts have disordered or mutually-disoriented crystallites, with exposed edges, on their 

carbon fibers that are prone to oxidative attack from thermal treatment.56 However, such edge density 

exposure leading to accelerated HET are known to be deactivated quickly,12,21 even within minutes or 

hours when exposed in air.57,58 This is unlike the treated graphites employed in this study that still 

show very good HET kinetics even at the end of, at least, 64 days in air. The PG aged in 1 mM ferri-

ferrocyanide increased in ∆Ep by about 40 mV in 7 days (Figure S2.2) unlike reported increases in 

∆EP of several hundreds of mV over a few hours.59 

Water contact angles (WCA) of both control and treated graphite groups over the course of aging 

show that thermal treatment increases wettability (Figure 2.3), even from fully hydrophobic (Figure 

2.3b) to completely wet out (0° not shown) in the cases of porous graphites (see video uploads i 

through iii for the dynamic contact angles of treated graphite felts, natural graphite, and graphite rod 

respectively). WCA correlate with surface chemistry and roughness as well as heterogeneity or 

patterns thereof.60,61 WCA values near 60° for treated samples are consistent with the definition of 

hydrophilicity for graphite and its graphene derivatives. Those of the controls (WCA ≥ 80°) are also 

consistent with hydrophobicity of graphites and graphenes.62,63 Artificial graphite show hydrophobic 

WCAs ≥ 90° unlike the HOPG-ZYH and PGs of roughly 80°. Lower WCA in controls are attributed 

to native edge densities on their basal planes, which reportedly lowers WCA in otherwise 

hydrophobic graphitic materials.64 Also of note is the wetting of control graphite felts (GFA3 and 5) 

from the 35th day and onwards (see video upload iv) even though individual fibers still exhibit clear 

hydrophobicity, for example, in residual water beading at apparent angles approaching 180° 

indicating extreme surface chemical heterogeneities (Figure S2.3 and Supporting video iv and v). The 

WCA results suggest that it is likely that surface functional group differences between the control and 

treated materials could be responsible for the differences in wetting behavior.65–67 
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ATR-FTIR spectra of aged samples for both control and treated HOPG show peaks near 2100 cm-1 

associated with silanol polymers, 3740 cm-1 associated with reactive Si-OH and 3350 cm-1 arising 

from normal polymeric OH stretches68 compared to fresh samples (Figure 2.4). The Si-related modes 

derive from contaminants of exposure to air-borne soil particles.69 Prominent peaks at 2850 cm-1 and 

2920-2930 cm-1 also arise in aged (control and treated) samples, being modes from symmetric and 

asymmetric methylene vibrations, respectively, widely expected to cause high WCA of graphene and 

graphites during air aging.34–36,62,70–73 Since both peaks appeared in spectra of control and heat-treated 

samples, then the observed increase in wetting of the treated samples, over their controls, would not 

seem to be moderated merely through surface bound adventitious hydrocarbon (HC) and oxygen 

functional groups as previously reported.34,36,70–72,74 Thus, the change in wetting properties of the 

treated samples may be explained through their electronic structure, including more than surface-

Figure 2.3: Water contact angles (WCA) with (a) HOPG at the numbered day of test (0, 21, 42, 63) clustered 

from left-to-right with artificial graphite, PG(K&J), and PG(UN) treated sample data overlaying the control 

data of mostly higher values. For clarity, only four data cluster sets are shown here. The entire cluster set for 

the entire nine weeks are shown in Figure S2.3a; (b) natural graphite clustered left-to-right with graphite rod 

and felts (GFA3 and GFA5) control samples with all thermally-treated samples as totally wetting and not 

shown (see video uploads i to iii). 
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bound functional group arrangements alone.63,75,76 The hypothesis is that WCA most strongly reflects 

consistency with surface functional constituencies when they also correlate with electronic structural 

effects. 

Micrographs reveal that some fibers in aged felts, which are fiber bundles, begin to separate into 

individual fibrils (Figure S2.4), increasing surface area and effective porosity of the felt. This 

degradation allows water to be forced through some areas of the felt (Supporting video iv) but not 

others (Supporting video v). Therefore, the wetting behavior of the aged graphite felts is not solely 

because of surface oxide accumulation during aging.77 Thus, some combination of hydrophobic and 

hydrophilic fibers facilitated water penetration through the felt channels to increase the overall 

porosity of the fibers, as seen from the CVs of the aged control fibers,78 even though the 

hydrophilicity of these aged graphite felts was not sufficient enough to cause a build-up of non-

Faradaic charges (capacitance increase). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: ATR-FTIR spectra of (a) control and (b) treated HOPG-ZYH at the start of experiment (red 

dash-dot) and at the end of nine weeks of aging in the lab atmosphere (solid). Inset: magnified region. 
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Raman spectroscopy reveals both chemistry and morphology that may impact the electronic 

properties of graphites,19 complementing both SEM imaging and ATR-FTIR spectroscopy.64,79 When 

applied to investigate carbon materials, microRaman explores local properties including crystallinity80 

and defect density or disorder impacting the DOS64,79,80, which is important for HET.19 The Raman 

spectra for HOPG show the so-called D band ca. 1350 cm-1, characteristic of disorder and/or defects, 

in heat-treated samples but not the control (Figure 2.5) Additionally, peaks at 1625 cm-1 appeared 

only for the spectra of the treated samples, which are identified with the D′ band. For other graphites 

employed in this research, both control and treated samples exhibit a D band and all treated samples 

show the 1625 cm-1 D′ band as well as the graphite rod control (Figure S2.5). The D and D′ bands 

reflect the high DOS for zone-edge and midzone phonons, respectively.80,81 All sample spectra have 

the 2D band at 2720 cm-1. The 2D band in graphite is due to graphite phonon backscattering and is 

dependent on the probing laser intensity and wavelength.79 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5: Raman spectra of (a) control and (b) treated HOPG-ZYH. Insets: Graphite (G) bands magnified. 

The treated HOPG now has a small bump near 1350 cm-1 synonymous with the disorder-induced D band 

and another disorder-induced band near 1625 cm-1, the D′ band. 
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Peak intensity (I) ratios of Raman bands provide an internally-consistent and semi-quantitative 

measure of disorder and other feature differences among similar materials and specifically herein 

track changes and stability over time. ID/IG is a measure of the disorder in the system. The common 

factor of ID/IG for the treated materials was consistently higher relative to their control samples. In 

natural graphite, graphite rod, and GFA5 (at day 63, end of experiment), control ID/IG values were 

higher than treated samples. To understand better what is happening, ID/IG was resolved into two 

different components:  

 

 ID
/IG = ID/I2D × I2D/IG         (2) 

Whereby, the ID/I2D is defined as the intrinsic defect density ratio, independent of the graphite (G) 

band. The I2D/IG value is suggestively dependent on changes in the graphite (G) component – without 

the ID contribution – under constant incident laser power, which was approached through optical 

sample focus. Any inconsistencies in laser power impact only the 2D peak, leaving the D-to-G 

constant (I2D is a strong indicator of the crystallinity in carbon materials and has been suggested as 

appropriate for relatively high-quality carbon determination).82 All treated graphites show greater 

ID/IG, lower I2D/IG and greater ID/I2D vs. their control, indicating that increasing disorder is primarily 

responsible for material property enhancements, where G-band quality is preserved or even improved 

(Figure 2.6). 

Conversely, the graphite mode is weaker in the control samples relative to their disorder 

species/structure content as probed by vibrational spectroscopy. This Raman analysis indicates 

thermally-modulated restructuring in the treated samples. Natural graphite shows lower overall 

quality due to diminished G-band effects. The high I2D/IG of the graphite felts and the low ID/I2D imply 

that the higher ID/IG in the GFA5 control is not a function of more defects per se but of the graphite 

quality degradation over time (Figure S2.4). When all three trends are considered for the graphite rod, 

it is deduced that the now very porous nature and enhanced electrochemical properties, such as fast 

HET kinetics and symmetric capacitive behavior at fast scan rates, of the treated over the control 

graphite rods is due to the pronounced Dʹ band in the treated to the control and less on the ID/IG as 

was previously thought. Thus, the treatment protocol fine-tuned the electronics of the graphite rod 

without drastic alteration of the defect density. 
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The in-plane crystallite spacing along the a-xis, La (in nm) values of the control and treated graphites 

were calculated from the Raman intensity ratio, ID/IG as previously proposed.83 

 

 La(nm) = (2.4x1010)λ4(ID/IG)-1        (3) 

 

Whereby   is the wavelength (in nm) of the probing laser intensity employed in the Raman analysis 

(in this case, 532.5 nm). The results of the calculations for the control and treated samples at various 

days of the aging cycles are as shown in Table S2.1. The results show that besides the graphite rod 

and natural graphite, the La decreased for the treated groups in comparison with the control groups. 

The decrease in La between planes corresponds to an increase in crystallite sizes and transition to a 

lamellar structure from a diffusive one.84,85 This corresponds to a well-ordered honey-comb like 

structure with good electrical conductivity.86 The deviation of the graphite rod from the trend is in 

tandem to the explanations given above for the ID/IG. 

The Dʹ band and the higher D/G ratios in treated samples vs. controls suggest an annealing that 

depends on the initial graphitic disorders to form, on the average, with enhanced HET kinetics. 

Disorder in the controls is the foundation for structural and electronic re-configurations on heat 

treatment. Besides, it has been reported that a certain degree of defect density is necessary for 

enhancing and even optimizing electrochemical and other electronics-based performance.19 Intrinsic 

structural change altering the DOS, rather than surface chemistry and roughness, is the more 

important factor for improved HET rates.87 
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Figure 2.6: Raman band peak intensity ratios vs. days of aging in air (n = 4 per sample type): (a-b) D-to-G 

band (ID/IG) indicating degree of disorder; (c-d) 2D-to-G band (I2D/IG) and (e-f) D-to-2D (ID/I2D) 

deconvolve the intrinsic graphite quality and intrinsic disorder, respectively. All sample types stacking 

treated sample values over control sample types in clusters that begin on their respective days of evaluation 

aligned left-to-right as HOPG, artificial, natural, and PG (K&J) graphites (left-hand graph sets) and 

PG(UN), graphite rod, and felts GFA3 and GFA5 (right-hand graph sets). 
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Four selected sample types – HOPG-ZYH, PG(K&J), GFA3 and artificial graphite – of the more 

dissimilar graphites analyzed with XPS reveal surface and near-sub-surface impacts of aging between 

control and treated samples freshly prepared (CF and TF) and fully aged (CA and TA). From XPS 

data for HOPG-ZYH, control and treated fresh samples (CF and TF) have significant amounts of sp2-

bonded carbons at 284.4 eV (Figure 2.7) while other graphites show that thermal treatment increased 

the sp2 carbons over the sp3 at 285.6 eV (Figure S2.6). The results suggest that the oxides and Si (for 

the aged samples) groups did not modulate the fast-HET kinetics in the treated samples. Summarily, 

thermal treatment increased the sp2 content of the treated over their controls in some cases to ≥ 90% 

at start of the experiment. By the time of XPS analysis (100 days from start of experiment), these sp2 

ratios were about 85%. From high resolution XPS, the oxygen-containing species content of the TF 

GFA3 is 3.8 times greater than the CF sample. The treated and aged (TA) GFA3 had about 1.6 times 

the oxygen content of the treated and fresh (TF) sample just as the capacitance of the TA sample 

decreased to about half of those of the TF samples. This is also corroborated by the control and aged 

(CA) sample with roughly 90% of the oxygen content of the TF and yet, it had no measurable 

capacitance (Figure S2.1). These results suggest that the surface bound oxides, during aging, did not 

contribute to the capacitance of both the control and treated felts. These results suggest that the 

capacitance loss in the TA graphite felts, which could not have been compensated by the surface 

bound oxides during aging, is an indication that probably, sub-surface bound oxygen is responsible 

for capacitance building. This would be true since the CA had appreciable oxygen content and 

capacitance. These findings imply that harsh treatment protocols, such as excess heating or acid 

treatments,77,88,89 used by most investigators may have masked the subtle but important impact of sub-

surface oxygen on both wetting and capacitance. 

The XPS data from artificial graphite samples (TF and CF types) have similar sp2 carbon 

compositions as their aged counterparts though their electrochemistry varied drastically (Table 2.1). 

Thus, the nature of the sp2 carbon fractions for treated and control samples cannot be the same at the 

electroactive surface. For example, graphite felts at 90% sp2 content had no appreciable wetting and 

facile HET kinetics.90 This correlates with the high CH2 content of these graphite felts did not 

influence their electronic nature to enhance their wettability and facile HET kinetics. A further 

example showed no correlation of electronic properties with sp2 content in certain graphene oxides.91 

High sp2 content alone does not guarantee facile HET kinetics or optimal electronic properties.  

UPS provides valence-band spectra for HOMO-level chemical materials analysis toward 

understanding the relationship of the sp2 content with optimal electronic properties such as facile 

HET and increased capacitance. From previous UPS works, the He1 (21.2 eV) and He2 (40.2 eV) lines 
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for graphites92,93 help to interpret HOPG valence band spectra (Figure 2.8) and the valence bands of 

artificial graphites, GFA3 and PG(K&J) (the spectral lines of the He1 and He2 of the graphites studied 

in this research yielded similar interpretations). 
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Figure 2.7: The XPS plots of HOPG-ZYH samples for (a) Treated & Fresh HOPG-ZYH (C 1s), (b) Control 

& Fresh HOPG-ZYH (C 1s), (c) Control & Aged HOPG-ZYH (C 1s), and (d) Treated & Aged HOPG-ZYH 

(C 1s). 
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The UPS plots of HOPG-ZYH control (C) and treated (T) samples comparing fresh (F) and aged (A) 

states (Figure 2.8) indicate the propensity of their  over  interactions (or vice versa) is interrogated 

using the intensity ratios, 
 

i i
I I 

at certain  and  regions.94 

Peak P1
* is due to the high DOS in the Brillouin zone,92 which may be explained in the context of the 

band-structure calculation with the width of the valley reflecting the separation of 2 and 3 bands at 

the symmetry point P. The parameter ∆(2-3), measured at half of the well depth, reflects the 

nearness of 2 and 3 bonds such that a smaller value is a closer attraction and greater repulsion, 

where  bonds are treated as point charges (Figure 2.8a). 

Larger ∆(2-3) values indicate decreased magnitude of Coulombic interaction. The hD  reflects 

energy well depths positively correlated with greater  bond interaction strength,95 stability96 and 

even molecular size.97 The present work reveals (a) higher DOS near P1
* (as the intensity at P1

*) in 

treated vs. control analogues (Table 2.2) and demonstrates a higher density of phonon states of the 

treated to the controls, (b) an increase of the ∆(2-3) for treated over control. This means a 

decreased magnitude of Coulombic interaction for the treated over the controls. (c) An increase in hD  

for control over treated, imply the greater  bond interaction strength and stability and (d) an overall 

increase in i i
I I  of treated vs. control, which means the overall increase in the propensity for  

bond formation over those of the  bonds.  
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Additionally, the treated samples have either higher HOMO or DOS at the valence band maximum 

relative to the controls [a prominent exception is the CF HOPG of higher DOS at EF than in the 

treated samples but diminished for the CA sample (Figure 2.8)] or were roughly the same. However, 

irrespective of the nature of their HOMOs, the control samples had deeper and more greatly 

interacting -bond energy wells compared to the treated. On the other hand, the treated sample 

spectra had pronounced  bonds relative to the controls. This suggests that the prominence of the 

DOS at the HOMO may not be the primary factor for enhanced electronic response of heat-treated 

materials but an overall higher DOS, compared to their controls, and localized on the  bonds. These 

 bonds, being delocalized, have greater probabilities for conduction.98 A drastic increase in DOS, as 

viewed by UPS, of the π bonds and EF at 600-650 °C of graphene oxide species was also reported,91 

even though the XPS results did not differentiate between low and high DOS sp2.  

 

 

Figure 2.8: (a) Valence band spectra of fresh control (CF) and heat-treated (TF) HOPG. The blue and green 

vertical lines on the right are used to depict the heights, ∆hCF and ∆hTF respectively of the energy wells in 

the diagram; (b) Valence band spectra of aged counter examples. Spectral lines emanating from the He2. 
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Scheme 2.1: Thermal treatment protocol of the pristine graphite (before) for enhanced and sustained 

HET (after). Thermal treatment results in structural and electronic reconfigurations without surface 

morphological changes (before vs after). The consequence of this restructuring is that sluggish HET 

kinetics (before) becomes fast (after) and is sustained afterwards (≥ 64 days). 

 

When coherently analyzed, the sp2 nature in the treated materials are conjugating with high DOS 

localized on the  bonds. Hence, heat treatment resulted in a structural re-organization at the 

molecular level of the graphite resulting also in tuning the electronic nature to enhance 

electrochemical behavior as depicted in Scheme 2.1. The degree of change possible is dependent on 

the initial disordered state as important to the final structural and electronic condition. Less disorder 

in HOPG-ZYH relative to other studied graphites would account for its accelerated aging in 

comparison. There exists a balance between the formation of disordered regions, clearly seen in the 

D´ band, that contribute to the high density of energy states and the degree of crystallinity along the 

lattice sites that enable carrier hopping. 
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Table 2.2: Ratios of the intensities of the  to  transitions in the He1 and He2 lines of the 

control and treated HOPG-ZYH 

Table 2.2: Ratios of the intensities of the  to  transitions in the He1 and 

He2 lines of the control and treated HOPG-ZYH 
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These findings suggest the same and or very similar underlying mechanism(s) to the formation of the 

end structure after thermal treatment. Heat treatment results in a well-ordered state, which when 

described via the folding funnel model,39–41 implies that there exists a path to a minimum ∆G of 

crystallinity irrespective of the starting graphite material (with respect to the graphite employed in our 

work) such that the new microscopic graphite state is mainly aromatic with a degree of crystallinity 

along the lattice sites that enable carrier hopping irrespective of adventitious oxygen-containing and 

hydrocarbon moieties, synonymous with aging induced sluggish electron transfer kinetics. This then 

suggests that the electronic structure is unperturbed signifying a diminution of Coulombic (repulsive) 

contributive forces. This carrier hopping, from site-to-site, would be aromatic (sp2 hybridized) and 

delocalized  electrons. This suggests that the new microscopic graphitic states are mainly aromatic 

with a degree of crystallinity favoring enhanced and sustained electron transport. The implication is 

an electronic structure unperturbed by oxygen or HC surface functional group contaminants for a 

diminished Coulombic contribution. The attributes of this electronic structure demonstrate a strongly 

correlated system, exhibiting non-perturbative behavior.99 The one-dimensional Hubbard model42 

describes this non-perturbative behavior, explaining the surface-to-electronic chemistry of treated 

graphite materials in addressing both their enhanced electrochemical performance and depressed 

aging effects. The consequences of the thermally induced microstructures and strongly correlated 

electronic structures could be used to explain the wetting characteristics of the thermally-treated 

graphites over those of the controls. 

Thus, to describe the wetting behavior of the treated materials (now assumed to be non-perturbative) 

and their resistance to aging, it is postulated that the electric fields of polar molecules such as water37 

are sensitive to the electron cloud of the correlated  system. Tribological charging is well-known to 

produce large electrostatic effects100–102 when a graphite block is peeled to reveal fresh surface102 that 

can be wet out to zero WCA even where the fully discharged material is known to be hydrophobic. 

Adventitious HC can dissipate excess -electrons to form sp3-bonded carbon103,104 or utilize tribo-

charges to form sp2-bonded methylene groups to the graphite surface, also damping the electronics 

and increasing the WCA. Thermally treated graphite, possessing a well correlated, non-perturbed 

electronic nature, is shielded from the influence of the HC or oxygen groups via a mechanism well 

illustrated by the Hubbard model, so that the  electron clouds are unperturbed (see Supporting 

Information). 
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Conclusion 

A new thermal treatment protocol for graphites resulted in steady and consistent ∆EP values from 

aqueous cyclic voltammetry over 64 days with no appreciable aging from air oxidation on storage. 

The initially enhanced and sustained heterogeneous rate constants of graphite samples when probed 

with the Fe(CN)6
3-/4- redox couple remains essentially unchanged over the test periods. All graphite 

types exhibit the same resistance to aging and very similar behaviors relative to their controls through 

results from FTIR, Raman, XPS, UPS and water contact angle measurements. The facile and 

sustained HET kinetics in 1 mM ferri-ferrocyanide solution is attributable to structural and electronic 

changes and not from surface functional group changes or edge-density contributions.  

These findings suggest that the same or very similar underlying mechanism(s) via thermal treatment 

promote a more stable structure as a well-ordered or higher-order state (e.g., mainly aromatic, 

crystalline microstates) than the original graphites, being described by the folding funnel model.39–41 

This new graphite state, or ensemble, possesses a degree of crystallinity along the lattice sites that 

enables carrier hopping irrespective of adventitious oxygen-containing and hydrocarbon moieties 

synonymous with aging-induced sluggish electron transfer kinetics. This then suggests that the 

electronic structure is less perturbed and signifies a reduction of Coulombic (repulsive) contributions. 

The one-dimensional Hubbard model42 explains the surface-to-electronic chemistry of heat-treated 

graphite materials having enhanced and sustained electronic/electrochemical properties compared to 

their controls regardless of any adventitious functional surface groups indicated or even those changes 

that would remain potentially undetected as below the limits of investigation. 

Water contact angles reveal sensitivity to the electronic nature of the treated graphites as distinct from 

the expected surface chemistry effects. Additionally, capacitance of graphite felts arises from sub-

surface and not surface-bound oxygen-containing species as previously suggested. The overall 

increase in DOS with enhanced and delocalized  over  traits cause electronic property 

enhancements in the treated graphites. Chemical structural disorder in graphite provides preferential 

initiation sites for the thermally-induced structural and electronic re-organization in the treated 

samples. Based on the fast and sustained HET kinetics of the thermally-treated graphite electrode 

materials, this new treatment protocol can be used in applications hinging on fast electron transfer 

and/or increased capacitance, such as sensing, electro-oxidative reactions in water purification, 

batteries and supercapacitors, catalysis, oxygen reduction for fuel cell, HPLC detectors, and in the 

semiconductor industry. 
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Methods and Materials 

Chemicals and Materials 

All chemicals were used as received from the suppliers. HOPG ZYH block (NT-MDT Spectrum 

Instruments, Inc). Natural graphite (T62) (50  20  0.13 mm3) and artificial graphite sheets (T68) 

(50 mm  20 mm  25 µm) were gifts (t-Global Technology Co. Ltd, Taiwan). Pyrolytic graphite 

blocks, PG1 (32 ± 2 mm  16 ± 2 mm  0.75 ± 0.5 mm thick) (K & J Magnetics [Plumsteadville, PA, 

USA]) and pyrolytic graphite blocks (United Nuclear [Laingsburg, MI, USA]). Graphite rods (40767-

KD: Graphite rod, 6.15 mm (0.242 in) dia.  152 mm (6 in) long, 99.9995% (metals basis) (Alfa 

Aesar [Haverhill, MA, USA]). Graphite blocks (99.99%, 40  40  3 mm3 thick) (Fujiansheng, 

China). Ag/AgCl/3 M NaCl (aq) reference electrodes (0.209 V vs. SHE) and reference electrode cells 

[Bioanalytical Systems Inc (BASi), (West Lafayette, IN, USA)]. Battery Felt SIGRACELL® GFA3 

(297  210  3 mm3 thick) and Soft Felt SIGRATHERM® GFA5 (297  210  5 mm3 thick) were 

gifts (SGL Carbon Company GmbH, Postfach, Meitingen, Germany). 

Potassium hexacyanoferrate (III) (Fe(CN)6
3/4-; ACS reagent, ≥99.0%) and potassium chloride crystal 

(SigmaUltra; >99.0%, Sigma Chemical Co., [St. Louis, MO, USA]). Advanced abrasives 

(SandBlaster, 3M [St. Paul, MN, USA]); Teflon tape (Dupont, Elk Grove Village, IL, USA). 

The high temperature furnace was a Lindberg/Blue M type model [Thermo Scientific (Asheville NC, 

USA)]. All chemicals were used as received and all aqueous stock solutions were prepared with 

MilliQ ® (18 MΩ) water. 

 

Sample Preparation 

Graphite rods were cut into small pieces and their ends polished with a 100-grit sandblaster followed 

by a finishing polishing with a 320-grit sandblaster. The final lengths of the finished products were 1 

to 2 cm. The artificial graphite was peeled off from its nylon protective wrap and used as is. The 

natural graphite and graphite felts (GFA3 and GFA5) were used as received. The PG blocks were 

exfoliated using Scotch® tape to expose fresh and pristine surfaces prior to thermal treatment and or 

the start of control experiments using these pristine surfaces. The HOPG-ZYH was peeled off its 

block using Scotch tape.  
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Thermal Treatment 

Samples loaded onto a ceramic block were inserted into a quartz tube furnace pre-heated to 650C, 

exposed to air at both ends, and heated for 25 min. Then the furnace was turned off, cooled to 500 

C in 15 minutes and further cool to 200 C with its hatches left open until the samples were 

removed. Scheme 2.1 also depicts the thermal synthesis protocol. 

 

SEM Imaging 

Scanning electron microscope (SEM) images for the pristine (control) and freshly treated samples 

were obtained with a JEOL 2010J 200 kV Analytical TEM/STEM, with a vacuum pressure of less 

than 10-6 torr. Images were obtained at various magnifications. 

 

Aging in Air 

The control graphite samples for air aging (artificial and natural graphites, GFA3 and GFA5) were 

used as is from the suppliers. However, they were only unwrapped and exposed to air immediately at 

the point of starting the aging experiments. The surfaces of the pyrolytic graphite were renewed by 

peeling off several graphene layers via the Scotch tape method.105 HOPG-ZYH was peeled off fresh 

via the Scotch tape method and thus used fresh for the aging experiments. At the beginning of the 

aging experiment, the surface of the graphite rod was cleaned by polishing slightly using a 320 grit 

(very fine) sandblaster. 

No additional processing for surface regeneration of the heated graphite samples prior to the start of 

experiment was required. The surfaces used for thermal treatment were then left exposed to air for the 

period of the aging experiment. 

 

Aging in 1 mM [Fe(CN)6]
3-/4- (1 M KCl) 

Freshly exfoliated PG blocks (controls) as well as thermally treated samples were formed into 

electrodes and left in solutions of 1 mM [Fe(CN)6]
3-/4- (1 M KCl) for the duration of the experiments. 

Cyclic voltammograms of the electrodes were recorded at start and end of the experiment.  
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Contact Angle Measurements 

Contact angle measurements were carried out using a Model 250-U1 Ramé-Hart goniometer 

(Succasunna, NJ, USA) with illumination provided by a Ramé-Hart 150w Fiber Optic illuminator 

(Model FOI-150-UL). Images were captured using a Ramé-Hart live stream camera with a CCD. 

Single volumes of 2 µL were automatically dispensed via a model p/n 100-22 Ramé-Hart auto 

dispensing system. Both the goniometer and auto dispenser were automatically controlled via 

DROPimage Advanced software (version 2.10.01) with the capability of taking pictures and 

processing images for contact angle measurements. For expediency, static contact angles were 

measured, as the generally-accepted approximate for the more proper advancing contact angle, by 

spotting 2-µL volumes on at least five different spots on both sides of each graphite material studied. 

The DROPimage software provided digital processing for precise contact angle determination. The 

average of the angles for all spots photographed served as the contact angle for any given sample 

measurement. The humidity of the environment during these measurements ranged from 20-55% and 

temperatures from 20°C to 23°C. 

For treated graphite rods, graphite felts, and natural graphite with strong wetting, dynamic contact 

angles were recorded via the DROPimage Advanced software trigger command. 

 

Attenuated Total Reflection (ATR)-FTIR 

Attenuated total reflection (ATR)-Fourier transform infrared (FTIR) spectroscopy was performed 

using a Thermo Scientific Nicolet™ iS™ 10 FT-IR spectrometer with the Smart iTR accessory. The 

crystal plate was diamond with a ZnSe lens. The samples were clamped onto the crystal plate and lens 

using the pressure tower. Spectral scans of 64 were averaged to generate a spectrum for any point on 

the desired graphite material. Spectral scans were recorded on a minimum of three different spots on 

both sides of the graphite surfaces. 

 

Raman Spectroscopy 

Raman scattering spectra were collected with a WITec™ alpha300 R Raman instrument (GmbH, 

Germany): A 100-mW, frequency doubled, Nd:YAG (λ = 532.5 nm) laser focused through a 20× 

Nikon objective (NA = 0.4, WD = 3.9 mm) creates a spot size of ~10 μm. The laser power was 

attenuated manually to reduce fluorescence background and thermal effects during the first two weeks 

of measurements to achieve sufficient signal-to-noise ratio to distinguish graphite bands of all sample 

types with qualitative similarity, giving a final incident sample irradiation power of the order of 10 
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mW across all samples in all weeks, considering sample-day variations that are not precisely 

controllable. After week 2, the laser power was never adjusted. Single spectrum “spot” scans were 

acquired using the alpha300 R via a UHT-300 spectrometer (grating = 600 grooves/mm, entrance 

aperture = 50 μm), with the Andor™ DU970N-BV, 1600×200-pixel, CCD array detector. Each 

Raman spectrum was an average of 10 spectral accumulations at 0.50 seconds integration time. 

Optical images were saved from each sample area interrogated. Raman measurements, for samples 

that had some degree of visible defects, were done on the defect-free surfaces as judged from the 

optical images now acquired. 

 

X-Ray Photoelectron Spectroscopy (XPS) and Ultraviolet Photoelectron Spectroscopy (UPS) 

XPS, or Electron Spectroscopy for Chemical Analysis (ESCA), measurements occurred in an 

ultrahigh vacuum (UHV) with a base pressure < 10-10 Torr using a dual anode X-ray source, XR 04-

548 (Physical Electronics), and an Omicron EA 125 hemispherical energy analyzer with a resolution 

of 0.02 eV. The X-ray source was the Al-Kα source operated at 400 W and an X-ray incident angle of 

54.7° and normal emission. A freshly exfoliated HOPG-ZYH sample served as the reference 

spectrum for the C 1s binding energy. 

XPS Peak 4.1 software provided the peak-fitting while peak quantifications came from both XPS 

Peak 4.1 and Origin version 2018b. The background type, using XPSPEAK41, was Shirley.  

UPS spectra were acquired with the same analyzer as the XPS, using both He I (21.2 eV) and He II 

(40.8 eV) excitation lines.  

 

Cyclic Voltammetry 

Cyclic voltammetry of the various carbon materials as working electrodes was performed with a 

VersaStat 3 potentiostat/galvanostat (Princeton Applied Research). The working electrodes were the 

graphite materials investigated while graphite block (99.99%, 40  40  3 mm3 thick) served as the 

counter electrode and Ag/AgCl (3M NaCl) was the reference electrode. The electrolyte was a 1 mM 

[Fe(CN)6]
3-/4- (1 M KCl) solution. 
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Data Processing 

All data were processed using both Microsoft Excel 2016® version and Origin version 2018b® 

software. All graphs were plotted using the Origin version 2018b graph plotting component.  
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The Supporting Information is available free of charge on the ACS Publications website at DOI: 

More information on the CVs, and SEM micrographs of other graphites employed in this 

work. Additionally, the micrographs of aged and control graphite felts showing areas of 

differential wetting and their SEM micrographs highlighting areas of bundle splitting; thus, 

permitting porosity. The Raman spectra of the other graphite materials. Inserts in these 

Raman spectra are the magnifications of their G bands to reveal the Dʹ bands occurrence in 

the treated. The Hubbard model employed to explain the surface-to-electronic structure of the 

thermally treated graphite. Video upload i: Video showing the total wetting (0°) of the treated 

graphite felt. Video upload ii: Video showing the porosity of treated natural graphite. Video 

upload iii: Video showing the porosity of treated graphite rod. Video upload iv: video shows 

that degradation allows water to be forced through some areas of the felt but not others (video 

upload v).   
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Abstract 

The search has been on for years to find at least, a stable, high surface area scaffold for Prussian blue 

(PB) and its analogs. If successful, PB’s vast potential applications could be practicable. This is 

besides other innate issues with PB such as poor cycle stability, low electronic conductivity to 

mention a few. For the first time, a stable Prussian blue@thermally activated graphite felt scaffold, 

with cycling stability of 2100 cycles, from -0.5V to 1.3 V, and in 1 M KCl, for at least 36 hours is 

reported. At the end of 2100 CV loops, sample capacitance more than tripled (381 mF cm-2 

compared to 120 mF cm-2 at start of experiment). These properties suggest a practical ion-sieve for 

Cs removal from Cs contaminated water. Two new synthesis protocols were employed to achieve 

this: (a) a first time, single solution PB synthesis without externally applied potential, current or even 

elevated temperature and (b) a two-step solution-dipping process not involving acidic conditions. PB 

from both protocols exhibited similar electrochemical characteristics even though the electron relay 

paths along their charge transfer complexes are different. When probed for its HOMO characteristics, 

the PB@thermally-treated graphite showed no significant electronic difference from the thermally-

treated felt scaffold, suggesting non-compromise of the treated graphite by the PB. Besides Cs 

removal, the electrochemical and electronic properties of these PB@treated graphites suggest 

multiple electrochemical, non-electrochemical and electronic applications with intact structural and 

functional integrity. 

 

Key words: Prussian blue, graphite, coordination polymers (CPs), thermal treatment, capacitance, 

charge relay path. 
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Introduction 

Metal coordination polymers (CPs), generated by the self-assembly of inorganic ligands and 

metal ions, are attractive materials for molecular capture, deliver/release, and sensing in aqueous 

media [1]. The design of these compounds is based on the formation of inorganic ligand coordination 

networks—polycyanometalate (PCM) anions—and “capping” metal cations. It also depends on 

hydrogen bonding between the PCMs and organic proton donors to transition from purely inorganic 

to metal−organic frameworks (MOFs). These transitions broaden the scope of MOF properties, 

allowing for their fine-tuning: a necessary requirement for the rational design of functional materials 

[2]. 

One such CPs, similar to MOFs, is Prussian blue (PB), a cyanide-bridged coordination 

compound between two Fe species in different oxidation states. PB is traditionally synthesized by 

mixing the metal ion, Fe3+ (Fe2+) and a corresponding metal octahedral complex, hexacyanoferrate 

(hexacyanoferric) in an acidic solution [3]. It has the general formula AxFeIII[FeII(CN)6]y· 1−y·nH2O 

(n = 14-16), where A is an alkali metal ion, K+ or Na+, (for the “soluble” PB which is often a 

dispersed yet lyophobic colloid) and  represents [Fe(CN)6]
4− vacancies occupied by coordinating 

water (0 < x < 1; 0.75 < y < 1) [4,5]. The “capping” cation (Fe3+) in PB can be substituted for some 

other cation or polycation to tune the chemistry for application of the resultant PB analogue (PBA). 

Due to their porosity and host-guest chemical features, PB, PBAs and their composites act as 

ion-sieve zeolites and membranes [6] to capture (and subsequently release) ions such as Cs+, Rb+ and 

Tl+ from radioactive waste-contaminated lands or environments [7–9] and even from the human body 

(i.e., detoxification) [1,9–12]. PB is electrochromic [13], exhibiting three stable oxidation states at 

different potentials [4,13–15]. It also exhibits electrochemical and magnetic properties [15], making 

PB and PBAs viable applicants in photoelectrochemical, photocatalytic, photomagnetic and magneto-

optic devices [16]. Its electrochromic property is exploited in sensing [17,18], photothermal therapy 

and optical imaging [19–21], photoacoustic imaging [12,22], electrocatalysis [9,16,23], and 

theranostics—drug delivery/release agents in sites with poor drug accessibility, for example in cancer 

therapy [12,24,25]. PB, PBAs or their composites are further used as energy storage and conversion 

devices [9,23] in batteries [4,26–29], supercapacitors [30,31], and fuel cells [28,32].  

Irrespective of the current and prospective applications of PB and PBAs for advanced 

functions, some serious shortcomings limit or even eliminate their utilization potentials. These 

failings include the large interstitial voids in PB, the localized valence electrons of the metals, which 

prohibit full electron delocalization, and the defects in the PB(A)s frameworks, thus resulting in low 

electronic conductivity [4,33,34]. The consequences are sluggish electron transport kinetics from 
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widening the cathodic and anodic peak potential differences, ∆Ep [34], and poor cycling stability 

[1,35,36]. Thus, proposed applications that depend, for example, on the above-mentioned properties 

would be severely impeded, such as in catalysis, electrochromic applications and, by inference, 

delivery/uptake systems, sensing, energy storage and conversion devices. 

In contrast, refined, processed, or functional carbon materials often do not have the requisite 

large surface area and structural stability [37,38] for efficacious PB surface coverage. In the case of 

graphite felts, their total surface areas are not exploited fully due to the harsh conditions necessary for 

felt activation such as boiling in concentrated hot acids [39] or elevated temperatures [40,41]. These 

treatments damage the felt fibers [42,43]. Thus, the use of PB/felt even as ion-sieving agents is 

underutilized. Besides, most existing porous carbon materials are generally brittle, even in the 

absence of any activation protocols [44] and are even less so after thermal or acid activation. 

Therefore, the rarer porous yet stable carbon structures have attracted wide attention from 

bioengineering to electrochemical devices [37]. Next-generation electronics, energy 

storage/conversion devices and biological scaffolds will benefit from both the structural and 

functional integrity of carbon materials, especially as scaffolds in composites involving large surface 

area nanomaterials such as PB and PBAs. 

The in-situ PB formation on thermally-treated and fully-activated, high surface area and flat 

graphite materials is reported herein showing substantial improvements in their structural and 

functional integrity over comparable extent material systems. PB deposition onto the thermally-

activated graphites was achieved via two new synthetic routes: For the first time, a one-solution PB 

formation medium with a solid steel initiator without applied potential; secondly, a solution dipping 

approach in high K+ (1 M). Both protocols circumvent the intermediary acid solution phases 

traditionally held to be necessary for PB synthesis and stability [3]. The electrochemical and 

electronic properties of these PB@treated graphite materials suggest multiple electrochemical, non-

electrochemical and electronic applications without compromise to the structural and functional 

integrity of these composites. 
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Methods and Materials 

 

Sample Preparation 

Battery Felt SIGRACELL® GFA3 (297  210  3 mm thick) (gifts from SGL Carbon Company 

GmbH, Meitingen, Germany) were used as received. Pyrolytic graphite blocks, PG1 (32 ± 2 mm  16 

± 2 mm  0.75 ± 0.5 mm thick) (K & J Magnetics, Plumsteadville, PA, USA) were exfoliated using 

Scotch® tape to expose fresh pristine surfaces prior to thermal treatment and or the start of control 

experiments using these pristine surfaces. For pristine surfaces of GFA3, wettability was achieved by 

wetting in acetone and then rinsing with plenty of DI. 

 

Thermal Treatment 

The thermal treatment protocol is as reported elsewhere [45]. Briefly, samples were loaded onto a 

ceramic block and inserted into a quartz tube furnace (Lindberg/Blue M type model, Thermo 

Scientific, Asheville NC, USA) pre-heated to 650 C with both ends open to air. The contents were 

heated for 25 min, the tube furnace was then turned off, and the contents allowed to cool naturally. 

 

Solution dip -method for In-situ Prussian Blue Nanoparticle (PBNP) Formation on Graphites 

The PBNP were formed in-situ onto the GFA3 and PG blocks by first, soaking the graphites in 1mM 

(Fe(CN)6
3/4- (1M KCl)) (Potassium hexacyanoferrate (III) (Fe(CN)6

3/4-); ACS reagent, ≥99.0%) and 

potassium chloride crystal (SigmaUltra, >99.0%, Sigma Chemical Co., St. Louis, MO, USA), 

prepared with DI water for two hours. Specifically, the pristine GFA3 was wetted, prior to soaking in 

1mM (Fe(CN)6
3/4- (1M KCl)), by soaking in acetone for 5 minutes and rinsing with plenty of DI. The 

graphites were then transferred immediately into a 2mM solution of FeCl2 (Iron (II) Chloride, 

anhydrous, 99.5% [metal basis] Alfa Aesar, Haverhill, MA, USA) to form the PBNP on the graphites. 

The graphites-PBNP were then brought out after two hours of setting in the 2mM FeCl2 solution and 

allowed to air dry. The air-dried graphites were then rinsed with water, acetone and plenty of water 

and left to air dry again. This cycle was repeated for the number of times required to obtain a given 

surface coverage of PBNP and or achieve specific electrochemistry signals. These reactions occurred 

at room temperature. 
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One-Solution, Metal-catalyzed in-situ Prussian Blue Nanoparticle (PBNP) Formation on 

Graphites 

As in above, graphite samples were soaked for two hours in 1mM (Fe(CN)6
3/4- (1M KCl)) prepared 

with DI water. The pristine GFA3 was wetted as described above. The soaked graphites were 

removed from solution and stainless steel (General UltraTech, General tools & instruments, New 

York, USA) run over the graphite surfaces; the stainless steel and graphites just making contact via 

the electrolyte (a circuit if formed at this stage), until a blue solution-graphite-stainless steel interface 

appeared (the yellow color of the 1mM (Fe(CN)6
3/4- (1M KCl)) is changed  to blue). These wet 

surfaces were air dried, rinsed with DI and allowed to air dry again. This process was done twice on 

the electrodes used for this work. These reactions occurred at room temperature. 

 

UV-Visible Spectrophotometry of PBNP from the One- and Two-Solution Methods 

The PB was formed on the graphites from the one-solution, metal (steel) catalyzed reaction as 

explained above. When the yellow coloration of Fe(CN)6
3-/4- turned to blue, the blue color was rinsed 

off the fibers into a 2 mL cuvette. More PBNP were formed and rinsed off into the cuvette until a 

desired volume (2 mL) was attained. This same approach was used to obtain PB solution from the 

two-solution method. In this case, the PB formed on the GFA3 fibers were not allowed to dry but 

were rinsed off into a cuvette. Their UV-Vis spectral scans, from 190 nm to 1100 nm, were acquired 

using a ThermoScientific Evolution 60S UV-Vis Spectrophotometer. 

 

SEM Imaging  

Scanning electron microscope (SEM) images for the PBNP deposited on GFA3 and PG(K&J) and 

their corresponding controls were obtained, using beam voltages of 15 KV, via a JEOL 2010J 200 kV 

Analytical TEM/STEM, with a vacuum of less than 10-6 Torr. Images were obtained at various 

magnifications. 
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 Energy-Dispersive X-Ray Spectroscopy (EDX) 

An EDX detector fitted unto the JEOL 2010J 200 kV Analytical TEM/STEM was used for elemental 

composition determination for the PBNP-graphites and their corresponding controls (graphites 

without PBNP). The probing beam, also used for the SEM imaging, was 15 kV. 

 

Attenuated Total Reflection (ATR) – FTIR 

The infrared (IR) vibrations of the cyanido groups arising from the PBNP on the graphites were 

obtained using the attenuated total reflection (ATR)-Fourier transform infrared (FTIR) spectroscopy 

technique. This analytical technique was performed using a Thermo Scientific Nicolet™ iS™ 10 FT-

IR spectrometer, with the Smart iTR accessory, and the instrument interfaced to a Pentium operated 

desktop computer. The crystal plate for sample holding was diamond with a ZnSe lens. The samples 

were clamped down onto the crystal plate and lens using the pressure tower. Spectral acquisitions 

were averaged over 64 spectral scans to obtain a single spectrum. Spectral scans were recorded on 

both sides of the graphite surfaces and on a minimum of three different spots. 

 

Raman Spectroscopy 

Raman spectroscopy as previously described [45] utilized a WITec™ alpha300 R(aman) instrument 

(GmbH, Germany) with a 100-mW, frequency-doubled, Nd:YAG (λ = 532.5 nm) laser focused 

through a 20× Nikon objective (NA = 0.4, WD = 3.9 mm) for an excitation spot of ~10 μm diameter. 

Laser power attenuated manually to reduce fluorescence and localized thermal effects during 

sampling produced a final incident irradiation power of the order of 10 mW. Single spectrum “spot” 

scans acquired through the UHT-300 spectrometer (600 grooves/mm grating, 50-μm fiber 

core/collection aperture) used an Andor™ DU970N-BV, 1600×200-pixel CCD array detector. Each 

recorded Raman spectral plot came from an average of 10 spectral accumulations at 0.50-s integration 

time. Optical images of the sample location were saved from each area interrogated. 

 

X-Ray Photoelectron Spectroscopy (XPS) and Ultraviolet Photoelectron Spectroscopy (UPS) 

To interrogate the valence states of constituent elemental compositions of the PBNP@graphite, XPS, 

or Electron Spectroscopy for Chemical Analysis (ESCA), measurements were carried out in an 

ultrahigh vacuum (UHV) environment, with a base pressure < 10-10 Torr. The X-ray lamp was a dual 

anode XR 04-548 (Physical Electronics) while the kinetic energy of the photoelectrons was measured 

with an Omicron EA 125 hemispherical energy analyzer having a resolution of 0.02 eV. The X-ray 
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source used was the Al-Kα source operated at 400 W. The X-ray incident angle was 54.7° and normal 

emission. A freshly exfoliated HOPG-ZYH sample served as the reference spectrum for the C 1s 

binding energy. Peak-fitting was carried out using the XPS Peak 4.1 software. The background type, 

using XPSPEAK41, was Shirley. The UPS spectra, used to investigate the nature of the valence 

electrons at the HOMO, were acquired with the same analyzer as the XPS, using both He I (21.2 eV) 

and He II (40.8 eV) excitation lines. 

 

Cyclic Voltammetry  

Cyclic voltammetry with the various carbon materials as working electrodes operated with a 

VersaStat 3 potentiostat/galvanostat (Princeton Applied Research), while the counter electrode was a 

graphite block 99.99% pure, 40 mm  40 mm  3 mm thick (Fujiansheng, China). The reference 

electrode was Ag/AgCl in 3 M NaCl(aq) as reference electrode (0.209 V vs. SHE) from Bioanalytical 

Systems Inc. (West Lafayette, IN, USA). The electrolyte was a 1-mM (Fe(CN)6
3/4- (1M KCl)) redox-

couple solution. 

 

Data Processing 

The Origin version 2018b® (version 9.55) software package was used for plotting all graphs. 
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Results and Discussion 

We report the synthesis and characterization of a first-time in-situ PB from only one solution 

precursor (1mM Fe(CN)6
3-/4- in 1M KCl) mediated by solid steel, and an in-situ PB formation from 

1mM Fe(CN)6
3-/4- (in 1M KCl) and Fe2+. These PB nanoparticles (PBNP) were deposited onto 

thermally-activated yet stabilized graphites. The PBNP doubled the thermally-activated graphite felt 

capacitance without compromising their structural and functional integrity. Essentially, the steel-

catalyzed and solution-dip cycles correlate electrochemically with each other in terms of their 

corresponding synthesis cycles and resultant electrochemistry.  

The PBNP@thermally-treated graphite SEM micrographs are shown in Fig. 3.1. The PB cube-like 

crystals are shown (Figs. 3.1a, b and d). Fig. 3.1c shows the spatial distribution of the crystals on the 

fibers at lower magnification. On the other hand, no distinguishable morphological differences exist 

between the pristine GFA3 and the pristine GFA3-PBNP-2×dipped (Figs. S3.1 a and b), while at 

2×dipped, the treated GFA3-PBNP had enough PBNP surface coverage (Fig. S3.1f). Again, no 

distinguishable morphological differences exist between the pristine and treated GFA3, (Fig. S3.1a 

and e) to allude to morphological differences as the reason for the preferential PBNP deposition on 

the treated rather than the pristine GFA3. These results suggest that the thermal treatment altered the 

crystallinity and electronic properties of the graphites without any visible morphological changes, as 

earlier reported [45]. This implies that the treated GFA3 fibers are more receptive to the PBNP 

formation and growth (because of its enhanced crystallinity) compared to the pristine GFA3 fibers. 

The same apply to the pyrolytic graphite (PG) and graphite rods. The broader implication of these 

finding is that the substrate nature for PB deposition plays a role in determining the eventual 

chemistry of the PBNP [46,47]. By the third dipping cycles for both treated GFA3 (Fig. S3.1; c and d) 

and pristine (Fig. S3.1; g and h), the cuboidal nature of the PB at the 2×dipped cycles for the treated 

GFA3 had given way to a more spherical PBNP as earlier reported [48]. This is most likely due to 

clustering, which forced the shapes to morph from cubes into more irregular shapes. 

The graphite@PBNP electron dispersive X-ray spectroscopy (EDS) results (Fig. 3.1 inserts and S3.2) 

show elemental Fe, a key PB constituent, and sharp K+ signals. The pristine GFA3-PBNP-2×dipped 

Fe signal intensity is weak (Fig. S3.2a) compared to those of treated GFA3-PBNP-2×dipped. These 

results further support the argument that treated graphite fibers are more receptive to support PB 

crystallization. 
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a b 

Figure 3.1: Surface morphology images acquired via SEM of a: Treated GFA3-PBNP-2 dipped; b: Treated 

PG(K&J)-PBNP-6 dipped; and c: GFA3-PBNP-2 metal-catalyzed showing the crystals glistening on 

various points on the graphite. (d) A higher magnification of the red highlighted region on Figure 3.1c. The 

images show the cube structure of Prussian Blue (PB). Inserts of Figure 3.1: The EDS plots of (a) Treated-

GFA3-PBNP-2 dipped; (b) Treated-PG(K&J)-PBNP-6 dipped and (c) Treated GFA3-PBNP-2metal 

catalyzed. 

c d 

1 2 3 4 5 6 7

N
e
t 
C

o
u
n
ts

 (
a
u
)

Energy (KeV)

K

Fe

O

Fe

C (a)

1 2 3 4 5 6 7

N
e

t 
C

o
u

n
ts

 (
a

u
)

Energy (KeV)

Fe

Fe

K

K

(b)

0 1 2 3 4 5 6 7 8

N
e
t 
C

o
u

n
ts

 (
a
u

)

Energy (KeV)

Fe

Fe

Fe

Cl

K

K

(c)



77 

 

The PB, UV-Visible spectra, from the solution dip- and metal-catalyzed methods show peaks between 

250-300 nm and at ca. 700 nm (Fig. 3.2). These traits are diagnostic for PB. However, the PB from 

the metal catalysis had an obvious peak at 400-410 nm (*Fig. 3.2) not present in the PB spectrum 

from the solution dip method. This implies an electron-relay path difference between PB forms for 

charge transfer from one metal, M, to the other metal, M′, in the complex. Therefore, the PB formed 

by metal catalysis probably has an electron travel path in its charge-transfer complex not present in 

that from the solution dip method. 

 

 

 

 

 

Figure 3.2: The UV-visible spectroscopy of PB formed from the dipping- and metal-mediated metal 

catalyzes methods on treated GFA3. *The mode near 400 nm appears only for metal-catalyzed samples.  

200 400 600 800 1000

0.00

0.25

0.50

0.75

A
b

s
o

rb
a

n
c
e

 (
a

u
)

Wavelength (nm)

 PB_Dipping Method

 PB_Metal Catalysis

*



78 

 

Representative ATR-FTIR results for the PBNP@GFA3 (Figs. 3.3 and S3.3) show the 2084 cm-1 

peak commonly characterizing PB and its analogues. They correspond to the CN-stretching [(CN)] 

in a dinuclear compound, M-CN-M′ [47,49]. The magnification of this (CN) region is shown in Fig. 

3.3b and suggests a PBA analogue, FeII[FeII(CN)6] [50]. The PBNP@graphite felt spectra from the 

solution dip methods show less interstitial OH vibrations at ca 1646 cm-1. This peak is assigned to 

H2O deformation or bending modes (δH2O) [47,51] and suggests a relatively low number 

concentration of coordinated water in the PB formed from this method. The PB FTIR spectrum from 

the one-solution method (Fig. 3.3c) shows δ(HOH) modes at 1595 cm-1 and 1673 cm-1 indicating 

lattice bound or trapped water. The peak at 2088 cm-1 for (CN) in a M-CN-M′ bond structure. The 

magnification of the regions around the (CN) is shown in Fig. 3.3d. The peaks at ca. 2088 cm-1, 

2137 cm-1, and 2187 cm-1 suggest that the CN are bonded to Fe(II)/M(II), Fe(II)/M(III), and 

Fe(III)/M(II), respectively [16]. These findings imply that by the reversible loss of an electron at each 

stage, these three oxidation states are accessed by the metal catalysis-formed PB. 
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Figure 3.3: ATR-FTIR spectrum of (a) treated GFA3-PBNP_(2_dipping method), (b) magnification of the 

 (CN) region of (a), (c) ) treated GFA3-PBNP_(2_metal-catalyzed method), (d) magnification of the  

(CN) region of (c). 
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The treated GFA3-PBNP and PG-PBNP micro Raman spectra (Figs 3.4 and S3.4, respectively) show 

peaks at 2153 cm-1 from some sample locations, which are assigned to vibrational frequencies of the 

bridging CN ligands in PB [46]. These are indications of surface anchored or physisorbed CN 

containing groups [46,52]. They are prominent on every scan of the PG (flat electrode) while being 

weak or not observable on the GFA3, appearing clearly on only one fiber probed with the focused 

Raman laser. This strengthens the collective points above that the substrate nature (crystallinity and 

morphology) contributes to defining the resultant chemistry of the PB and the PB@substrate 

composite.  

Other metal-ligand Raman modes at less than 650 cm-1 are due to the presence of inorganic groups, 

metalorganic groups or lattice vibrations [53]. Generally, the peaks at less than 250 cm-1 are attributed 

to lattice mode vibrations, originating from crystals [54,55], while the Raman bands between 250 and 

600 are from M-CN-M′ vibrations. These vibrations could be resolved into ν(MC), δ(MCN), 

δ(CMC), δ(CMN) and combination modes, which all appear in the region below 550 cm−1 [54]. These 

vibrational modes indicate the presence of PB (Figs. 3.4 and S3.4). For example, the treated GFA3-

PBNP samples spectra have 384 and 401 cm-1 peaks, corresponding to the in-plane

1

2gE
and the out-

of-plane 1gA
modes, respectively. Also, the 519 cm-1 1( )gE

modes are evident. These results suggest 

octahedral-coordinated ligand-to-metal centers, stacked-up in a layered fashion [56–59]. 
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Figure 3.4: Raman spectra of treated-GFA3 in the absence and presence of PBNP (2- and 3-dipped). 

Raman inserts: Left, the region at 700 cm-1 and lower shifts magnify stretching and deformation modes 

of the M-CN, offset on the arbitrary intensity scale for clear comparison. Right, a single carbon fiber 

showed a PB mode at 2153 cm-1. 
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Electrochemical spectroscopy for chemical analysis (ESCA), or XPS, was used to determine both the 

chemical composition and spin states of the PB elemental constituents. The wide angle XPS 

(“survey”) results of treated GFA3-PBNP-2 dipped (Fig. 3.5a) and other treated graphite-PBNP 

(Fig. S3.5a and b) show elemental Fe and N not present in their controls. At high resolution XPS scan 

(Fig. 3.5b-5d), their Fe nitrides binding energy is at ~397 eV, indicating that the PB nitrogen is 

present as a metal-bound nitride [60]. The metal in this case been Fe. However, in addition to the 

397.4 eV peaks of the nitrides of the treated GFA3-PBNP, there is another peak at  398.1 eV. In the 

M-CN-M′ charge transfer complex, overlap of the molecular orbitals of the cyanide complex clusters 

with the atomic orbitals of K do occur [61]. Such interaction has been reported of CN clusters with 

cations in its vicinity to result in a XPS metal-nitride peak near 398 eV [62]. Thus, for the T-GFA3-

PBNP-2dipped, the ratio of the areas of the peaks at 397.4 eV to that of 398.2 eV is 3, while the 

ratio for the T-GFA3-PBNP-2 metal catalysis is approximately 1. These ratio values suggest that the 

398.2 eV conformation is a minor contributor to the overall state of the N-metal interaction for PB in 

the solution dip method but is a major conformational state for PB from metal catalysis. An 

implication of this finding is that the CN clusters associated with K+ in the PB from solution dip 

method is a minor and less likely pathway for charge delocalization along the charge-relay complex 

of its metal-cyanide. On the other hand, these CN clusters-K+ association would be a probable 

pathway for charge delocalization along the M-CN-M′ of the PB from metal catalyzes. Additionally, 

Fe in the PB matrix contains both divalent and trivalent states, in integer proportions, as shown in the 

representative Fe 2P states in the treated GFA3-PBNP-2×dipped (Fig. 3.5e and S3.5c). Thus, the 

actual structure is an FeII-CN-FeIII dinuclear compound with a Fe2+/Fe3+  1 or 2.  
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Figure 3.5: (a) Wide angle (“survey”) XPS spectra of treated GFA3-PBNP-2 dipped and treated GFA3-

No PBNP; High resolution XPS spectra of (b) N1s in treated PG(K&J)-PBNP-3 dipped; (c) N1s in 

treated GFA3-PBNP-2 dipped; (d) N1s in treated GFA3-PBNP-2 Met Cat; and (e) Fe2P in treated 

GFA3-PBNP-2 dipped.  
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To understand the impact of the PBNP on the electronic properties of the thermally-treated graphite, 

graphite-PBNP Ultraviolet Photoelectron Spectroscopy (UPS) data were compared with those of the 

treated graphite (no PBNP) (Fig. 3.6). The aim was to investigate if, and how, the PB interaction with 

the treated graphite surfaces distort (or leave unchanged) the valence electron (HOMO level) 

properties of the treated graphites. To interrogate these electronic properties, an analysis of the -

band peak intensities over those of the  bands (Fig. 3.6) were calculated as already explained 

elsewhere [45]. The results show that treated graphites and graphite-PBNP had about the same signal 

intensities and peak values up to the EF region. However, the graphite-PBNP I2/I1 was higher than 

that without PBNP. This suggests an enhancement by specific heat-treatment of  over  character 

(Fig. 3.6a). Additionally, the difference between the two  bonds, ∆(2-3), is greater for the treated 

graphite-PBNP than without PBNP, indicative of a stronger -bond interaction facilitated by the PB, 

while the -bond nature of the PB@graphite is enhanced. This enhancement of  over  bonds is a 

common trait of conjugation and conductivity [63]. On the other hand, the He1 probed spectrum (Fig. 

3.6b) suggests the reverse is true for thermally-treated graphite having a slightly enhanced  over  

trait (I2/I1) and a shorter ∆(2-3) distance. However, the treated graphite with PB has a smaller 

energy well depth, ∆ℎ, than without PB, reflecting a stronger -bond interaction in terms of bond 

strength [64], stability [65], and molecular size [66]. In summary, the electronic properties of the 

PBNP@treated graphite-2×dipped are similar to those of the treated graphite without PBNP. The 

UPS of the treated PG and PG-PBNP (Fig. S3.6) show a similar trend.  

The UPS data suggest that the 2×dipping cycles employed for PB formation did not perturb or disrupt 

the electronic nature of the treated graphite nor, by extension, of the PB from the metal-catalyzed 

phase since the UPS from both synthesis cycles are very similar. This suggests, as was earlier 

postulated, a Hubbard-type model characteristic [67] conferred by the thermal treatment protocol on 

the graphites. Briefly, the Hubbard model implies that the electronic structure of the treated structure 

is correlated (cannot be explained by a single electron wavefunction) and non-perturbative (not 

disrupted) even by non-native surface properties [68]. In this case, it is the PB on the graphite 

surfaces. One of the implications of these findings is that the electrochemistry of the heat-treated 

graphites could be improved upon without repercussions on the integrity of its electronics and other 

electronics-dependent properties.  
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Figure 3.6: (a) the valence band spectra at the HOMO obtained from the He2 and (b) He1 lines of the treated 

GFA3-PBNP-2×dipped and its control, treated GFA3 (no PBNB) with highlights of the various intensity 

bands. 
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The CVs in 1mM Fe(CN)6
3-/4- of treated (Fig. 3.7) and pristine GFA3 (Fig. S3.7) with and without 

PBNP show that thermal treatment improved both the kinetics and capacitance even without PBNP. 

This improvement is due to the increased crystallinity and proper electronic tuning of the treated 

graphite as discussed [45]. In the presence of PBNP (2× and 3×dipped), the treated GFA3 capacitance 

doubled while those of the pristine GFA3-PBNP nearly doubled by the third dipping cycle (Table 

3.1). However, the pristine GFA3-PBNP-3×dipped capacitance is eight times less to the treated 

GFA3-PBNP-3×dipped, even though their morphologies are very similar (Fig. S3.1; c and d). The 

explanation for these discrepancies in the PB carrying-capacities on the treated and pristine graphites 

lies with the treated GFA3 crystalline nature, which is also responsible for its capacitance increase by 

making available more usable and more receptive surfaces for PB formation. This contrasts with the 

less crystalline and less receptive pristine GFA3 surfaces. In other words, the PB only optimizes the 

surfaces presented to it.  

Again, as in above, the substrate nature contributes in defining the resultant PB and or PB@graphite 

chemistry [46,47]. Additionally, the consistency of the PB chemistry on both the treated and pristine 

GFA3 indicates the homogeneity of these PB forms on the carbon types employed. The TT graphite-

PBNP (3×dipped) capacitance was slightly less than after only two dips. This slight decrease may 

come from PB stacking so that agglomeration of the octahedral structures (SEM images in Figs. S3.1; 

g and h) could have introduced more defects, thus decreasing the volume carrying capacity of the PB. 

Irregular to spherical PB agglomerates have more disordered vacancies and smaller specific surface 

area compared to cubic PB [69]. This could explain the widening cathodic and anodic peak potentials 

of the treated GFA3-PBNP-3×dipped, reflected also as increased ∆Ep (slower kinetics).  
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Figure 3.7: The CV in 1 mM Fe(CN) 1M KCl of treated-GFA3 (No PBNP), treated-GFA3-PBNP-2×dipped 

and treated-GFA3-PBNP-3×dipped.  = 0.05 V.s-1. 
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Electrode Type 

DEp (mV) @  = 

0.05 V s-1 

Capacitance 

(mF cm-2) 

Pristine GFA3   179±27 8.5±1.0 

Pristine GFA3-PBNP_(2x dipped)  158±2 10.7±0.5 

Pristine GFA3-PBNP_(3x dipped)  299±2 15.6±1.2 

Treated GFA3 209±17 70.6±4.0 

Treated GFA3-PBNP_(2x dipped) 215±39 137.4±7.0 

Treated GFA3-PBNP_(3x dipped) 262±18 125±7.9 
 

 

The PBNP@treated graphite CVs at various scan rates is shown in Fig. 3.8a. A plot of their anodic 

peak current densities to its corresponding scan rates indicates diffusion-controlled kinetics at these 

peaks (Fig. 3.8b). The poor cycle stability of PB [1,35], and instability in neutral and alkaline 

solutions [46,47], impose constraints on the CV cycle numbers that could be performed on PB and its 

composites. For example, a comparable work involving graphite fibre-Pt-PB with CV cycles of 150 

has been reported [70]. To investigate the PB@treated felts cycle stability, 2100 CV cycles ran from 

1.3 V to -0.5 V in 1M KCl. Initial and final CV curves (2100 cycles) show that the PB@treated felts 

are highly consistent against these cycling conditions (Fig. 3.9).  

The CV stabilities across the entire potential window range, -0.5 to +1.3V, indicate Prussian white to 

PB (and vice versa) and PB to Berlin green (reversibly) transition stabilities [70]. These stabilities 

show the PB-zeolite nature stabilities to the constant motions of deintercalating /intercalating ions 

during the CV cycles. Thus, our results show highly porous and stable PB structures, unlike carbon 

materials in general [44]. Besides, such low-defect PB with high capacity, strong rate capability and 

long cycle life have been associated with PB synthesis in concentrated K+ [36], such as was used in 

this work.  

Table 3.1: Capacitance (mF.cm-2) and peak potential differences (∆Ep (mV)) of pristine and treated GFA3 

in the presence and absence of PBNP, deposited via different dipping cycles (n =3 for each electrode type). 
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Figure 3.8: (a) The CV in 1M KCl of the treated-GFA3-PBNP-2×dipped and at various scan rates from 10 mV 

to 500 mV. (b) the peak current density of the various scan rates, showing the diffusion-controlled kinetics of 

the treated-GFA3-PBNP-2×dipped. 
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Figure 3.9: Cycle stability test of the treated GFA3-PBNP (2x dipped) in 1mM Fe(CN)6
3-/4- (1 M KCl), from 

-0.5 V to 1.3 V. The cyclic voltammograms before and after 2100 consecutive cycles as stability indicator. 
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The electrochemistry of PB from the metal catalysis correlates strongly with those of the solution dip-

cycles (Fig. 3.10), even though their UV-visible and IR spectra suggests that the charge transfer 

between the metals, M and M′ in the complex, M-CN-M′ are via different electron relay paths. The 

PB XPS (Fig. 3.5) shows a FeII-CN-FeIII dinuclear compound with Fe2+/Fe3+  1 or 2. PB with an 

M/Fe = 1 or integers indicate absence of dangling bonds or defect-free lattices, where M is a 

transition metal with +2 oxidation state and Fe is in the +3 oxidation state [16]. Thus, their CV data 

imply defect-free PB lattices. 

 

 

 

 

 

 

 

 

Figure 3.10: The cyclic voltammetry of PBNP from metal catalysis (2x catalyzed) and from the solution 

dip method (2x dipped) on treated GFA3. The CV was in 1mM Fe(CN)6
3-/4- (1 M KCl) and  = 0.05 V/s. 
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Also, from the UV-vis, FTIR, and high resolution XPS N1s fitted spectra, the metal-catalyzed PB 

form has one intermediary path of electron travel from the metals M to M′ in the M-CN-M′ complex 

and more interstitially coordinated water to that from the dipping method. Scheme 3.1 shows the 

paths to accessible oxidation states and K+ coordination during a charge-relay process.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

(a) 

(b) 

Scheme 3.1: Electron relay pathway for the charge-transfer complexes formed by the (a) solution dip and 

(b) metal-catalyzed methods for PB formation. Scheme modified from ref 16. 

 

   

   

+ -

+ - + -

K ,e

2 6 6

-1 -1

K ,e K ,e

2 6 6

M / Fe = 1

Fe(II),M(II)  Fe(III),M(II)

K Fe Fe CN         KFe Fe CN

( 2085 cm )              ( 2172 cm )

Fe(II),M(II) Fe(II),M(III) Fe(III),M(II)

K Fe Fe CN        KFe Fe CN



      

 

       
6

-1 -1 -1

          Fe Fe CN

( 2088 cm )             ( 2137cm )               ( 2187 cm )

   



95 

 

 

The PG electrode CVs and highlights on their peak potential regions are shown in Fig. 3.11 (and Fig. 

S3.8 for the treated graphite rod@PBNP). For example, the pristine electrode had ∆Ep of 194 ± 23 

mV and 59 ± 2 mV for the treated PG. The treated PG- PBNP-2×dipped rose to 75 ± 1 mV, then 

dropped after subsequent dips (Table 3.2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11: The CV in 1M KCl of freshly exfoliated, treated PG(K&J) and treated PG(K&J)-PBNP at 

various dipping cycles of the synthesis reagents. Insert is the magnification of the area around the 

cathodic and anodic peak potentials. 
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The ∆Ep increase (slow kinetics) before a decrease highlights the poor conductivity of PB [34], 

mainly because of large interstitial voids [4], coordination of the metals to water [71], and/or even 

defect or disordered valences [69]. However, since further PB formation and deposition cycles 

decreased the ∆Ep, it implies that the formed PB have very little or no defect valences [36] so that 

further stacking of the PB zeolite structures resulted in coordinated and interacting structures with 

sufficient conductivities to decrease the ∆Ep. This inference is supported by the work that suggests 

that zeolite-like PB with soluble K+ (for example, as seen from our EDS results; Fig. 3.1 inserts and 

S2) usually results in less defective PB with large crystallite sizes [69] (as seen, for example, from our 

SEM; Figs. 3.1 and the XPS Fe2+/Fe3+ which suggests less defective PB) and less water within its 

lattices [29]. This could account for the apparent lack of (OH) in the PBNP@graphite IR spectra 

(Figs. 3.3 and S3.3). The K+ located inside the lattice cavities [71] serves as a PB coordinating unit, 

increasing the PB conductivity on the graphites. For comparison, the two-solution dip method is more 

than 5 times more efficient than a similar synthetic path to deposit PB on porous alumina [72]. The 

PBNP@treated PGs and PBNP@treated graphite rods have comparable electrochemistry to PB on Pt 

[70] or Au [73,74], making the PBNP@treated graphites cheap and commercially feasible alternatives 

to these other expensive ones. These findings are important to sensing, ion selectivity for 

capture/release systems, energy storage and conversion systems. 

 

 

 Electrode ∆Ep (mV) @  = 0.05 V/s 

Freshly exfoliated PG 194±23 

Treated PG (no PBNP) 59±2 

Treated PG - PBNP_(2x dipped) 75±1 

Treated PG - PBNP_(3x dipped) 66±1 

Treated PG - PBNP_(4x dipped) 61±2 

Treated PG - PBNP_(5x dipped) 28±3 

Treated PG - PBNP_(6x dipped) 22±2 

Table 3.2: Cyclic voltammetry of Pristine PG, Treated PG and Treated PG-PBNP at various deposition 

cycles of PBNP on the Treated PG (n = 3). 
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Metal-Catalyzed PBNP on Graphite 

The PB CVs from the metal catalyzed and solution dip methods have similar electrochemistry at the 

same synthesis cycles (see, for example, Fig. 3.10). This suggests that about the same cation and 

anion concentrations were involved at every stage of both PB synthetic pathways. A common route 

for free or liberated iron in solution would be Fe3+ from ferri-cyanide solution decomposition [75]. 

However, this pathway cannot account for the PB formation since no PB formed by either soaking the 

graphites in Fe(CN)6
3-/4- or by running CVs of these electrodes in Fe(CN)6

3-/4-. It is postulated that a 

closed electrochemical circuit is formed between the graphite, 1mM Fe(CN)6
3-/4- (1 M KCl) and the 

stainless steel (all three components being congruous at the instance of PB formation). The stainless 

steel is lower on the galvanic or electropotential series to the graphite and would serve as the anode in 

this galvanic circuit. In this circuit, the graphite (cathode) loses electrons en route to the anode. 

However, the electrolyte captures these electrons, disrupting the octahedral structure of the Fe(CN)6
3-

/4- to liberate Fe3+. The liberated Fe3+ is immediately reduced to Fe2+ by more in-streaming electrons 

from the graphite. The Fe2+ then reacts with the Fe(CN)6
3-/4-, closing the vertices or “capping” the 

octahedral structure of the Fe(CN)6
3-/4-to form PB (Scheme 3.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3.2: Depiction of the mechanism of PB formation from a galvanic series-based circuit formed by 

the Fe(CN)6
3-/4-, graphite and steel. 
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Conclusion 

Since most porous carbon materials are generally brittle [44], and even more so after thermal or acid 

activation [39–41], the PBNP@treated graphite composites is not commonly reported. The present 

work shows highly porous and stable PBNP composited on thermally-treated and activated graphite 

materials. These PBNP on fully-activated, high surface area graphite materials without compromise 

to their structural and functional integrity, meet the demands for the next generation electronics, 

energy storage/conversion devices and biological scaffolds. These newly stable structure-function 

properties of PBNP on graphites are unlike carbon materials in general [44]. An important implication 

of the present work is that the synthesis method influences the intermediacy of electron travel in the 

M-CN-M′ charge transfer complex. Also, the substrate nature for PB deposition plays a critical role in 

the eventual chemistry of the PB and PB@substrate. The PBNP@treated graphite felts have a very 

competitive potential window, the highest capacitance in 1mM Fe(CN)6
3-/4- (1M KCl), remained 

stable for over 2100 cycles in 1M KCl solution, and its synthesis method some five times more 

efficient than a similarly reported method [72]. Moreover, these new synthesis methods are green, 

avoiding harsh or corrosive solvents and require no charge or voltage applications to achieve their 

synthesis. Also, these methods circumvent the traditionally required low pH phases for PB synthesis. 

Their electrochemistry suggests competitive material behavior for applications in aqueous-based 

energy storage and conversion devices.  

The current findings highlight carbon materials, with structural and functional integrity, and low-cost, 

for energy storage/conversion devices such as, in this case, aqueous-based supercapacitors, batteries 

and fuel cells. Also, the PBNP@treated carbon felt capacitance increases, relative to the bare 

thermally-treated felt itself, make these composites practical for ion selectivity in capture/release 

systems. The treated PG and graphite rod electrochemistry are now feasible substitutes not just for Au 

and Pt in electrochemical and electronic devices but also for potential Au-PBNP and Pt-PBNP 

replacements. Future work would explore PBNP@thermally-treated graphite applications for sensors 

and other applications commonly associated with Au- and Pt-PBNP composite electrodes. 
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Chapter 4: Increased Electron Transfer Kinetics and Thermally Treated 

Graphite Stability through Improved Tunneling Paths 

 

Reproduced with permission from [ACS Applied Materials and Interfaces], (submitted for 

publication). Unpublished work copyright [2019] American Chemical Society.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TOC/Abstract Graphic: Thermal treatment transforms the pristine graphite to a structure with well-ordered lattices. AFM 

Images show no visual differences between the pristine and thermally treated graphite even though their electronic structures 

and resultant electrochemistry are different. Despite minimal energy differences between both structures, a large 

thermodynamic barrier hinders the backward movement of the treated to the pristine-like state.  
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Abstract 

A Thermal treatment protocol reportedly increased and sustained the heterogeneous electron transfer 

(HET) kinetics of graphites by at least nine weeks. To investigate the consequences of such HET 

increases on graphite stabilities, Raman 2D peak evolution show ordered graphene stacking in 

flexible samples of the treated and pristine samples. However, thermal treatment was necessary to 

activate properties, previously thought unique to ordered 2D materials only. Potential window values 

of the treated increased over the pristine. However, edges on basal planes of flexible sheets lowered 

the potential window values and increased ion intercalation stages of the treated over the pristine. The 

EIS results suggest two de-coupled kinetic steps for electron transfer in the treated PG: a slow 

surface-dependent step and a fast step, which is independent of the electrode-surface/electrolyte 

interactions. Yet, both graphite sets have similar corrosion kinetics and mechanisms in 0.10 M 

Na2SO4. TGA analysis show that five of the six graphites investigated were more structural stable for 

the treated to their pristine. The UPS data show no differences in work functions, suggesting 

similarities in potential energy barriers for both sets. The electronic band structure suggests increased 

crystallinity of the treated to the pristine via increased  to  transitions. Structure-induced electronic 

changes are suggested to trigger improved tunneling paths through the interfaces (fast step) from the 

bulk layer; thus, improving (and sustaining) HET kinetics by orders of magnitude. Conclusively, the 

thermal treatment protocol reported herein increased HET kinetics without compromises to their 

electrochemical, structural and corrosion stabilities. In fact, in most instances, these properties 

improved over the pristine graphites. 

 

Keywords: Thermal treatment, graphites, aging, fast (HET) kinetics, quantum tunneling, structures, 

charge transfer resistance.  
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Introduction 

For over a half century, active researches in the carbon field have sought to know why and how 

carbon materials, especially graphite, become sluggish electron transporters on air exposure, 

sometimes within minutes to hours. Several techniques have been employed to restore the 

heterogeneous electron transfer (HET) kinetics of carbonaceous materials after air- or solution-

induced oxidation (viz., aging). Such procedures include mechanical polishing as commonly 

employed on glassy carbon electrodes, vacuum heat treatment, or heat treatment under an inert gas 

atmosphere. Included, also, are combined treatments such as laser-based thermal treatment protocols, 

electrochemical polarization such as pre-anodization, and plasma activation protocols such as radio-

frequency plasma, among many others.1–3 In spite of attempts employed to date, the issue of aging 

remains a major limit on the use of carbon materials in many applications. Every activation protocol 

employed thus far has sustained HET kinetics by just a few hours at most.1–3 The problem remained 

insoluble and largely neglected until the advent of graphene.  

With graphene in the materials research race, the question arose again,4 since graphene for 

electrochemistry and optoelectronics was also susceptible to air oxidation induced sluggish HET 

kinetics or aging. 5–8 HET kinetics are fundamental in solid carbon electrode-electrolyte interactions, 

determining the performance of materials in electrochemical applications,9,10 and playing significant 

roles in molecular electronics, electrochemical energy storage/conversion, sensing, and electro-

oxidative reactions.5,11–19 The result is that even the purported “wonderful” applications of graphene 

have been questioned.20  

In light of aging of carbon materials, their surfaces do not remain pristine even during a 

limited time span, especially for graphite, graphene, carbon nanotubes and fullerenes.3,7,21,22 These 

carbon surfaces are gradually deactivated by adsorbing ubiquitous oxygen,23–26 and 

hydrocarbon7,8,21,27–29 species from ambient air and/or water.30 These adsorbed species are claimed to 

hinder electron transfer across carbon surfaces to redox probes,2 thus aging and hindering their 

functional uses.4,15 It is this aging of carbon materials that makes Pt and Au very relevant in 

electrochemistry, electronics and the opto-electronic industries31–38 by substituting for carbon 

materials in roles that should favor them. Carbon materials are more cost-effective compared to Au, 

Pt and other noble metals such as Ir.39,40 In addition, carbon materials have wider potential windows 

than Au or Pt.35,41–43 This potential window advantage is another reason that carbon materials are 

naturally preferential to the noble metals, for semi-conductor, electronics and electrochemical-related 

applications.  
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Graphite was reported to age in an inert nitrogen atmosphere, being no different 

electrochemically from graphite aged in air.6 This finding rules out the concept of surface 

contaminants as culprits for aging and shifts attention away from the surface properties and to the 

electronics for some observed surface phenomena, such as water-contact angles,44–46 which reportedly 

increase with aging in graphite and graphene.7,8,21,47 

Recently, a thermal treatment protocol was reported to have tuned the electronics of eight 

different graphites from at least four different graphite families. 48 This electronic tuning increased by 

over two to three orders of magnitude in some cases and maintained the HET kinetics of these 

graphites for at least nine weeks. The protocol also boosted the capacitance of the graphite felts 

employed in the research. These results raise the question of the functional and structural stabilities of 

these treated materials. For example, faster electron transfer is associated with increased corrosion 

rates. 49–51 In order to investigate the consequences of these fast-HET kinetics on the electrochemical, 

structural and corrosion stabilities of the thermally-treated graphite, a consortium of techniques was 

employed to elucidate their stability profiles, and the reasons and mechanisms behind the observed 

patterns. 
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Results and Discussion 

The graphite cyclic voltammograms (CVs) in 1mM Fe(CN)6
3-/4- and 1M H2SO4 for HET rates (𝑘0) and 

potential window determinations, respectively, are shown in Figures 4.1 and S4.1. The 𝑘0  values 

determined using the Nicholson method,52 and the potential window values (anodic and cathodic 

limits at 200 A cm-2 onset for oxygen and hydrogen evolution respectively), are tabulated in Table 

4.1. The potential window values of the treated pyrolytic graphite (PG) and artificial graphite 

decreased by about 0.2 V with a two-fold increase in 𝑘0, compared to the pristine samples. These 

potential window decreases were mainly from the cathodic and anodic limits for the PG and artificial 

graphites, respectively (Table 4.1). The graphite (Equalseal) had nearly the same 𝑘0 with a slight 

potential window increase of ca 0.60V for the treated over the pristine. The treated graphite rod 

showed 𝑘0 increase of roughly an order of magnitude and potential window increase of ca 0.30 V 

over its pristine. The treated GFA3 𝑘0 decreased but its capacitance increased five-folds over its 

pristine (Figure S4.1b). It was thought that some magnitude increases in 𝑘0 would result in a drastic 

decrease in stability of the treated materials.50,51,53 However, this was not the case. To understand this 

somewhat unusual property of the thermally treated graphites, various spectroscopic and 

electrochemical techniques were employed to probe both the surface and sub-surface features of the 

treated and pristine graphites.   
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Figure 4.1: The potential windows in 1 M H2SO4 of pristine and treated (a) PG (Panasonic), (b) Graphite 

(Equalseal). Insert of (a) is their cyclic voltammograms (CVs) for HET determination in 1mM Fe(CN)6
3-/4- 

(1M KCl). Insert of (b) is the magnification of the cathodic region of the graphite (Equalseal) to highlight 

the decreased cathodic limit of the pristine to the treated material and to explain the extrapolation method 

employed for the determination of the on-set current at 200 A/cm2 for the hydrogen evolution reaction. (c) 

CV for HET determination for pristine and treated graphite. (d) The potential windows in 1 M H2SO4 of 

pristine and treated PG (K&J). Insert of (d) are their CVs. (e) The potential windows of pristine and treated 

artificial graphite. Insert is the magnification of the anodic arm to highlight the increased intercalation stages 

of the treated material at 200 A/cm2 on-set current for oxygen evolution. (f) The CV of pristine and treated 

artificial graphite. CVs for both potential window and HET determination were run at  = 0.05 V/s. 
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a k0 [cm/s] in 1 mM Fe[(CN)6]
3–/4– and at ν = 0.05 V/s. n = 3. C = Control;  T = Treated  

 

 

 

 

 

 

 

 

Table 4.1: ΔEp (mV) and accompanying rate constantsa, Cathodic and Anodic limits of the Potential 

Windows @ 200 A/cm2 onset limit for Hydrogen and Oxygen evolution respectively. The Corrosion 

Current (io), Potentials (Eo) and Electron Work Function () of the Treated and Pristine Graphites.   

https://pubs.acs.org/doi/10.1021/acsanm.8b01887#tbl1-fn1
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Raman spectroscopy probed three different layer levels of the graphite samples to discern how 

graphene layer stacking – via the 2D peak evolution – could lead to an understanding of the influence 

of monolayer graphene stacking on the electrochemistry of these materials. These electrochemical 

properties include differences in potential windows for reactions such as intercalation intensities and 

stages; and hydrogen and oxygen evolution capabilities of the pristine and treated samples. The 

Raman 2D peak changes from a one-peak to a four-peak band for single to bilayer graphene 

transition.56–58 As the graphene layer increases to more than five sheets, the 2D spectrum becomes 

similar to that of bulk graphite, 57,58 which suggests anisotropy in the graphite 2D band.57,59,60  A 

typical Raman 2D-graphite spectrum has two peaks,58,61–64 consistent with that of multilayer graphene 

(greater than 5 layers), 57,58 and indicative of 3D ordering.63,64  

The pristine PG (Panasonic) spectra show anisotropy for the three different levels probed: the surface 

spectrum is consistent with the double-structure of graphite,58,61–64 while, the sub-surface and deep-

layer spectra differ from each other and from that of the surface spectrum (Figure 2a). 

 

 

 

 

 

 

 

 

 

 

 

 

 



115 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(e) (f) 

(h) (i) 

2600 2650 2700 2750

In
te

n
s
it
y
 (

a
u
)

Wavenumber (cm-1)

 Pristine PG (K&J)

 Treated PG (K&J)

 Pristine PG (K&J)

 Pristine PG (K&J)

 Treated PG (K&J)

 Treated PG (K&J)

Surface

Sub-surface

Deep layer

(g)

(k) (l) 

2550 2600 2650 2700 2750 2800

In
te

n
si

ty
 (

a
u
)

Wavenumber (cm-1)

 Pristine Artificial Graphite

 Treated Artificial Graphite
(j)

(b) (c) 

2550 2600 2650 2700 2750

In
te

n
s
it
y
 (

a
u
)

Wavenumber (cm-1)

 Pristine PG (Surface)

 Pristine PG (Sub-surface)

 Pristine PG (Deep layer)

 Treated PG (Surface)

 Treated PG (Deeper layer)

(a)

2600 2650 2700 2750

In
te

n
s
it
y
 (

a
u
)

Wavenumber (cm-1)

 Pristine Graphite (Equalseal)

 Pristine Graphite (Equalseal)

 Treated Graphite (Equalseal)

Surface

Deep layer

(d)

Figure 4.2: Raman spectra of the 2D band of pristine and treated (a) PG (Panasonic), (d) graphite (Equalseal), 

(g) PG (K&J) and (j) artificial graphite. Optical images respectively of pristine and treated (c, d) PG 

(Panasonic), (e, f) Graphite (Equalseal), (h, i) PG (K&J), and (k, l) artificial graphite. 
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This anisotropic property may arise from the laser power-dependent coupling to a distribution of layer 

sizes.62 Thus, each layer responds in an anisotropic manner to the others in the same bulk material. 

The treated PG showed isotropism at the different depths probed (the sub-surface spectrum was not 

shown to reduce cluster) (Figure 4.2a). All three spectra have four peaks, similar to five to ten layer 

graphene, with  = 514 nm.57 For this work,  = 532.5 nm was used. These results suggest that 

thermal treatment abolished the anisotropy reported for graphite so that the graphene layers were 

more orderly stacked, from the nano- to the macroscopic scale. Ordered graphene stacking,65–69 and 

edge-density70,71 may be responsible for the enhanced catalytic hydrogen evolution reaction (HER) of 

the treated over the pristine PG samples (Table 4.1). This is because bulk layer materials (e.g., MoS2) 

with improper layer stacking display little HER activity,72,73 but the 2D-layered MoS2 has enhanced 

HER activity.72,74,75 Well-ordered graphene sheet layering and enhanced HER activity of the treated 

PG are traits previously ascribed to 2D materials only.76–78 

Here, isotropic Raman behavior of the 2D band is reported for graphite, which is unconventional for 

graphite, a 3D material. Additionally, the treated PG samples exhibited four-stage intercalation of H+ 

into various graphene layers within their matrices in contrast to the one-stage intercalation of the 

pristine PG (Figure 2a). Higher ion intercalation stages and current densities are promising traits for 

metal-ion batteries.77–81 In fact, well-ordered monolayer stacking in multilayered 2D-materials have 

some three-fold higher charge storage and rate capabilities to conventional graphites. 82  Therefore, it 

is suggested that well-ordered graphene stacking is responsible for this enhanced ion intercalation 

stages of the treated PG.83 Based on the optical images (Figures 2b and 2c, respectively), no surface 

morphology differences exist to suggest that the observed electrochemistry of the treated PG is 

surface mediated. Thus, thermal treatment of the PG (Panasonic) brought about (a) electronic tuning 

(increased density of states (vibrational and electronic) and increased  to  characteristics) of the 

material for fast and sustained HET kinetics as earlier reported;48 (b) isotropic graphene sheet layering 

at all levels of the material; (c) increased HER; and (d) increase in the number of intercalation stages 

over those of the pristine materials.   

The treated graphite (Equalseal) surface spectrum has four peaks, which are not present in the pristine 

surface spectrum and not even observed in the deep layer spectrum (Figure 2d). This finding indicates 

that the pristine graphite exhibits anisotropy while the treated graphite exhibits isotropism in the bulk 

material. Additionally, no visible morphological difference(s) exist (Figures 2e and 2f) to account for 

the increased potential window values of the treated over the pristine (Figure 1b and Table 1). The 
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anode (Figure 2b) and the CV in 1mM Fe (CN)6
3-/4- suggest that thermal treatment increased the 

overpotential for HER and OER of treated graphite (Equalseal) due to loss of active sites for these 

reactions: 

Cathodic  2H2O + 2e-    H2 + 2OH-      (1)  

Anodic   4OH-   2H2O + O2 + 4e-      (2)  

These two reactions are site specific for adsorption of water (2H2O) and OH- species. Surface defects 

are potential sites for adsorption of these species. Here, such sites are edges of graphites (edge 

defects), carbon vacancies (point defects), and stacking defects. The treated graphite in this report has 

low edge defects (ID/IG from Raman data; results not shown), carbon vacancies (see section on 

photoelectron spectroscopy), and stacking defects (see Raman spectra; Figure 2d). thus, the treated 

graphite has inherently low defect concentration and therefore show high overpotentials for HER and 

OER.84 

 

There are no graphene sheet stacking differences for all layer levels of the pristine and treated PG 

(K&J) (Figure 4.2g). This is likely because of sample rigidity, unlike the other samples already 

discussed. There was no higher stage ion intercalation for the treated PG even though it had increased 

current density relative to the pristine. There was also a slight decrease in the cathodic potential 

(Table 4.1) because of the HER but not comparable to those of the PGs. Their optical images (Figures 

4.2h and 4.2i) show no visible morphological differences between either material set. These Raman 

2D results suggest that proper electronic tuning of the materials is responsible for activating the 

catalytic ability of the step edges for HER but that the HER catalytic potential could not be 

maximized in the absence of uniform graphene sheet ordering. 

Artificial graphite showed isotropy in the layer stacking for both treated and pristine samples (Figure 

4.2j). Yet, the treated graphite exhibits a four-stage ion intercalation compared to the pristine (Figure 

4.1e). The pristine artificial graphite data suggest that ordered graphenic layering without electronic 

restructuring would not increase the ion intercalation stages. Also, the reverse is true as in the PG 

(K&J), where electronic tuning without proper layering did not make much difference in the number 

of ion intercalation stages. Also, the optical images show no difference between the treated and 

pristine graphite surfaces (Figures 4.2k and 4.2l). These suggest that the nature of the edges [probably 

edge density differences between the artificial graphite and the PG (Panasonic)] are responsible for 

the higher HER activity of the PG to the artificial graphite. Thus, electronic reconfiguration and 
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native edge densities are suggested as being responsible for the higher stage ion intercalation of the 

treated artificial graphite compared to the pristine.  

A Raman three-level probe of graphite rod material shows that thermal treatment did not significantly 

alter the layering scheme of the treated graphite rod relative to the pristine (Figure S4.2a) just as their 

optical images show no surface differences between them (Figure S4.2b and S4.2c). Since graphite 

rod has more edges compared to even basal planes, this suggests that edge density in the absence of 

proper graphene layering will not trigger efficient HER catalysis. The Raman data (Figure S4.2d) and 

optical images (Figures S4.2 e and f) of the pristine and treated GFA3 are the same although the 

treated displayed increased potential window from both its cathodic and anodic arms compared to the 

pristine. Also, the electronic tuning of the treated materials was responsible for the slight increase in 

their potential windows. 

The potential window values (Table 4.1) and Raman spectra (Figure 4.2) suggest that thermal 

treatment brought about (a) electronic restructuring, (b) proper graphene layering or stacking, and (c) 

increased electrochemical activity of the edges for enhanced HER. In fact, all three conditions need to 

be present to affect efficient HER catalysis (and decreased cathodic limit). 

The bulk electrolysis results at 1.6 V and in 0.10 M Na2SO4 (Figure 3 and Figure S3) show no 

stability compromise of the treated graphites when used as anodes, despite the magnitude increases in 

𝑘0 for some of the samples. For example, the current density of the treated PG was about same with 

its pristine (Figure 3a), despite their two orders of magnitude difference in 𝑘0. The pristine graphite 

(Equalseal) had about a 1 mA/cm2 higher current density relative to its treated counterpart (Figure 3b) 

even though their 𝑘0 were about the same (Table 1). The difference in the pristine PG current density 

was about 20 A/cm2 lower than that of the treated (Figure 3c). Also, the pristine and treated graphite 

rods and GFA3 current densities (Figures S3a and S3b, respectively) were not very different from 

each other. Thus, the treatment did not make these materials any more susceptible to possible 

degradation reactions – such as water hydrolysis to protons, H+ (intercalation of surface adsorbed H+ 

within the graphene layers and crumbling of the layers) and oxygen, O2 (which can degrade the 

carbon matrix via CO2 evolution as shown in equations 3 and 4) – than their pristine versions.  

   2C + O2
    2CO      (1)  

   2CO + O2
    2CO2      (2)  

There were no optically observable difference(s) in the surfaces of the pristine and the treated samples 

(Figure 2), and we have shown previously that both surface-types have essentially the same functional 



119 

 

groups on air-exposure.48 Therefore, it was thought that neither differences in edge-exposure nor 

surface functional groups were responsible for the stability of the treated materials to corrosion from 

oxygen evolution. It is suggested that the little or no difference in the current densities of the treated 

to the pristine graphite is because of the proper electronic tuning and polycrystalline nature of the 

treated materials. The tuned electronic structure of the treated graphites ensure the enhancement of 

their  over σ traits compared to the pristine materials,48 since free σ-electrons exacerbate 

corrosion.85,86 These findings imply that this type of thermal treatment of graphites can yield materials 

for use as batteries, anodes and support systems in fuel cell technology.  
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Figure 4.3: Bulk electrolysis in 0.10 M Na2SO4 for 24 hours at 1.6V for pristine and treated (a) PG (K&J), (b) 

Graphite (Equalseal) and (c) PG (Panasonic). 
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To quantify their corrosion parameters and mechanisms, the corrosion current densities (icorr) and 

potentials (Ecorr) were extrapolated from their potentiodynamic scans using Tafel methods. The PG 

(K&J), Graphite (Equalseal) and PG (Panasonic) results are shown in Figures 4.4a-c, while graphite 

rod and GFA3 are shown in Figures S4.4a and S4.4b, respectively. Irrespective of the 𝑘0 magnitude 

differences between the pristine and treated samples, their icorr and Ecorr values are about the same 

(Table 4.1). Graphite (Equalseal) and GFA3 are exceptions: the icorr values of the treated materials are 

about an order of magnitude lower and more relative to pristine samples. The decrease in the 

corrosion kinetics of the treated Equalseal graphite may be from thermal treatment induced 

microstructure pore size constriction.54,90,91  
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Figure 4.4: Potentiodynamic studies in 0.10 M Na2SO4 for 24 hours at 1.6V for pristine and treated (a) 

PG (K&J), (b) Graphite (Equalseal) and (c) PG (Panasonic). 
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The potentiodynamic scans suggest similar corrosion mechanisms of both graphite groups in 

0.10M Na2SO4. These results can be explained by noting that thermal treatment increases 

graphitization by causing increased crystallinity of graphitic materials.48,91,92 Graphitization 

does not change the fundamental oxidation mechanism but slows down the carbon oxidation 

reaction.88 This explains the similarity in corrosion mechanisms of the pristine and treated 

graphite samples even though the treated samples have, in some cases, two orders of 

magnitude faster kinetics relative to their corresponding pristine samples. These results imply 

that the treatment protocol causes fast and sustained HET kinetics with unchanged corrosion 

kinetics compared with the pristine samples. Since potentiodynamic and bulk electrolysis are 

surface techniques, the actual factor(s) reflected on the surface chemistry of the treated 

materials may be dictated mainly by structure-induced electronic features. 

To probe for structural differences between both material groups that border on the nature of 

the bonding-induced stability, thermogravimetric (TGA) measurements on the pristine and 

treated samples were performed under nitrogen. The graphite (Equalseal), PG(K&J) and PG 

(Panasonic) TGA results are shown in Figures 4.5a-c, while those of GFA3, artificial 

graphite and graphite rod are shown in Figure S4.5a-c. 
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Figure 4.5: The thermogravimetric analysis (TGA) figures of pristine and treated samples of (a) Graphite 

(Equalseal). Insert is the magnification of the temperature range between 0 and 650 C. (b) PG(K&J) and (c) PG 

(Panasonic). 
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The insert in Figure 4.5a shows that the pristine sample has a steeper mass change (DP) at about 200 – 

400 C compared to the treated sample (DT). These data indicate different pathways to their thermal 

degradation and by inference, different structures. The same is true for the other graphite samples 

studied. The TGA results support the observation that thermal treatment increases the thermal 

stability of the treated graphite relative to their pristine samples. Even though the decomposition 

temperatures for each sample pair are the same or nearly the same (ca 770-800 C), the pristine 

samples experienced a more rapid incineration beyond their decomposition temperatures. The thermal 

stability of the treated relative to the pristine samples may arise from less disruption of the more 

crystalline nature of the treated materials.48,91–93 The graphite rod TGA (Figure S4.5c) shows that even 

though both samples have the same melting temperatures, the treated sample has a steeper (faster) 

melting profile compared to its pristine and in contrast to the other five pairs. It is suggested that the 

structural rigidity of graphite rod may be responsible for this trend.  

Electrochemical impedance spectroscopy (EIS) is important for understanding the interfacial 

properties of electrode materials, 94 and how this interfacial property can affect the ability of the 

material surfaces to transfer and exchange charges with a solution. 95,96 The Nyquist plots of the 

pristine and treated PGs (Figure 4.6) and their corresponding equivalent circuit model (Figure 4.6 

insert) for the EIS in 0.10 M Na2SO4 suggest a constant phase element (CPE) character for both 

electrode materials. Their corresponding Bode plots are presented in Figure S4.6. The parameters 

describing the interfacial properties from the equivalent circuit model is shown in Table 4.2.  
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The charge transfer parameter (𝑅𝑐𝑡) of the treated PG is ca. six orders of magnitude greater than the 

pristine, while the treated PG capacitance parameter (𝑌0) doubled over that of the pristine. The 

capacitance increase agrees with an earlier report for the treated graphite.48 Their  values were 

similar though. To better understand the significant increase in the 𝑅𝑐𝑡 values of the treated graphite, 

the EIS data were fitted with a two time-constant equivalent electrical circuit as shown in Figure S6c. 

The EIS data of the treated graphite could be fitted with a much lower 2 value than that of pristine 

graphite using a two-time constant circuit. This observation indicated that thermal treatment of the PG 

resulted in two steps of charge transfer, which could not be clearly discerned by the Nyquist of Bode 

plots.  
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Figure 4.6: The Nyquist plots of pristine and treated PG (K&J) in 0.10 M Na2SO4. Insert is their equivalent 

circuit diagrams. 
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Presence of high concentration of edge defects resulted in lower 𝑅𝑐𝑡 of the pristine PG. After thermal 

treatment, the defects are predominantly annihilated but lattice ordering is improved, and specific 

surface area increased as seen from the AFM image (see discussion on AFM). Thus, the fast and 

sustained HET kinetics of the treated graphite is not as a simple function of interfacial charge 

transfers between the treated electrode surfaces and their electrolytes. Also, the differences in 𝑅𝑐𝑡 is a 

testament to the differences in the structure and surface chemistry of both graphite sets, 93,94 even 

though they appear optically indistinguishable. Here, the high 𝑅𝑐𝑡 indicates the real corrosion 

resistance of the material. We can say that thermally treated PG revealed higher corrosion resistance 

than that of pristine PG.  

 

 

  Rct (W) Y0 (S.s)  2 

Pristine PG 4.64±4.2 107 5.90±4.0 10-6 0.951±0.01 1.33 10-4  

Treated PG 2.97±3.93 1013 1.13±0.93 10-5 0.936±0.02 2.70 10-3 
 

 

The topologies of both PG (K&J) sets were probed further by the light microscopy-coupled AFM 

technique.97 The 3D topography scans of the pristine and treated PGs (Figure 4.7 a and b respectively 

and Figure S4.7) done at several spots on their surfaces show that the treated PG surface is more 

uneven compared to the pristine. The treated PG has craters of about 0.30 to 0.35 m in depth, while 

that of the pristine is about 0.10 to 0.15 m beneath the surface. Both graphite had similar grain sizes 

of ca. 50-100 nm.  

 

 

 

 

Table 4.2: Interfacial parameters derived from the CPE equivalent circuit model 
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Figure 4.7: The light-microscopy-AFM images of the 3D topology scans of (a) pristine (3 m scan) and (b) 

treated (1 m scan) PG (K&J) 

(a) 

(b) 
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The roughness of the treated PG surface could account for the slow step with increased 𝑅𝑐𝑡 value,98 

and or contribute to its increased defect density and capacitance as reported earlier.48 The AFM 

images agree with the CPE element as been responsible for the differences in the EIS data of the PG 

sets. Of note is that there are no pits on the treated PG surface. This firmly rules out edge exposure on 

the basal planes as a possible reason for its fast-HET kinetics.   

The electronic band spectra of the PG show that there was increased  over  trait, a weakening of 

the  bonds between 2 and 3, and an overall increase in the density of states (both electronic and 

vibrational as seen from the Brillouin zone) for the treated over the pristine (Figure 4.8). Yet, the  

values of both categories were about the same (Table 2.1). The trend in Figure 4.8 appeared for all the 

other graphite samples used in this study. These results suggest that even though there were structural 

differences and significant electronic band changes between both graphite sets, there were little to no 

structural influences on their  values as was reported for some carbon materials.99 Thus, in terms of 

charge transfer across vacuum, there were no potential energy barrier differences between the pristine 

and treated samples. This would account for the very similar corrosion kinetics, thermodynamics and 

mechanisms of the pristine and treated graphites. Of importance is that since there were no apparent 

differences in the corrosion parameters of both graphite groups, the treated graphite step edges are not 

responsible for the facile HET kinetics of the graphite basal planes. 26,51,88,91  
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It is suggested that thermal treatment brought about conformational excursions over an energy barrier 

to a native state with correlated electronic structure (Scheme 4.1). Strong electronic correlations with 

weak  electron-electron repulsion or strong  electron-electron interaction, possess increased kinetic 

energy via the ability of the electrons to quantum- mechanically tunnel around in a crystal without the 

necessity of a lowered  threshold.48, 100 This increased - to  attributes increase conduction,101 and 

decreases corrosion.88,89 In addition, the fact that charge delocalization along the crystalline sites 

(Scheme 1) are no longer susceptible to surface adsorbents, even to Fe(CN)6
3-/4-,26,48,102 implies that 

the electrons tunnel through these surface adsorbents. Thus, enhanced electron tunneling (from the 

bulk layer to the surface) – the fast step - results in corrosion resistance of the structure-modified, 

thermally treated graphite. 
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Figure 4.8: The electronic band structure of the pristine and treated PG (K&J) and the extrapolation method for 

. P*
1 is the vibrational density of states at the Brillouin zone (BZ). 
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Scheme 4.1: A transverse depiction of the energy landscape of a generic pristine graphite (as used in 

the current work) with disordered regions and sluggish electron transfer kinetics represented by the 

quasi-reversible nature of the cyclic voltammogram (CV) in 1mM Fe(CN)6
3-/4-. On heating at 650 C 

in air for 25 minutes, the pristine graphite gains enough energy to transverse a huge thermodynamic 

barrier and cools to a polycrystalline state, with well-ordered structure that facilitates facile electron 

transfer kinetics as seen by the reversible nature of its CV. Even though the thermodynamic barrier is 

large, the actual energy difference (DG) between both structures is small. This considerable 

thermodynamic barrier is the energetic reason why polycrystalline structures formed on cooling do 

not revert to the pristine-like structure thus ensuring sustained fast HET kinetics over the course of 

weeks. 

 

As a surface phenomenon, corrosion targets surface features that aid faster HET kinetics and that are 

more likely to contribute to- and accelerate corrosion leading to material degradation. 51 In the case of 

the thermally treated graphites, the surfaces are conduits for electron transfer but are not the 

originating sites for, nor the facilitators of, electron transfer. Thus, the structural and functional 

integrity of the treated graphites are maintained irrespective of accelerated HET. 
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Conclusion 

Thermal treatment results in fast HET kinetics without compromising the electrochemical, 

thermal and corrosion stabilities of the treated graphites. The treatment abolished the level of 

anisotropy that is usually reported for graphite such that the graphene layers of the thermally-treated 

PG are properly stacked in layers. The now isotropic layers extend throughout the material from the 

nano- to the macroscopic scale. The isotopism and enhanced HER activity are traits previously 

ascribed to 2D materials only. Thermal treatment results in structural changes that tune the electronic 

structure to enhance  over  traits without changes in their electronic work functions, . This is 

because of enhanced electron tunneling, - via improved tunneling paths - which is also the reason for 

the increased HET kinetics and corrosion resistance of thermally-treated relative to pristine graphites. 

Conclusively, the thermal treatment protocol reported herein increased HET kinetics without 

compromises to their electrochemical, structural and corrosion stabilities. In fact, in some instances, 

these properties improved over the pristine graphite. Moreover, surface roughness as impediment for 

use of materials for various electrochemical applications would no longer be an issue.   

These findings suggest that the thermal treatment protocol reported herein would be suitable 

for high surface area carbon materials intended for use as support systems in fuel cells. Some PGs and 

graphite rods could serve effectively as batteries, supercapacitors in energy storage capacities, 

sensors, catalysis science, and anodes for electro-oxidative reactions and in other applications where 

fast HET kinetics without compromise to their stability is a criterion.  
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Methods and Materials 

Chemicals and Materials 

All chemicals and reagents were used as received from the suppliers. Flexible pyrolytic graphite 

sheets (Panasonic Electronic Components; 115  180  0.025 mm3 thick, Gray, Part number EYG-

S121803) Digi-Key electronics (Thief River Falls, MN, USA). Plain (No insert) flexible graphite 

(Equalseal, [Warren, OH]) sheets (8.25  9.5  1/16) Acros Organics (Bridgewater, NJ, USA). 

Artificial graphite sheets (T68; 50 mm  20 mm  25 µm) (t-Global Technology Co. Ltd, Taiwan). 

Pyrolytic graphite blocks, PG1 (32 ± 2 mm  16 ± 2 mm  0.75 ± 0.5 mm thick, K & J Magnetics 

[Plumsteadville, PA, USA]). Graphite rods (40767-KD: Graphite rod, 6.15 mm (0.242 in) dia.  152 

mm (6 in) long, 99.9995% (metals basis, Alfa Aesar [Haverhill, MA, USA]). Graphite blocks 

(99.99%, 40  40  3 mm3 thick) Maibang Carbon (Henan, Mainland China). Ag/AgCl/3 M NaCl 

(aq) reference electrodes (0.209 V vs. SHE) and reference electrode cells (Bioanalytical Systems Inc 

(BASi), West Lafayette, IN, USA)). Battery felt SIGRACELL® GFA3 (297  210  3 mm3 thick) and 

Soft Felt SIGRATHERM GFA5 (297 × 210 × 5 mm3, SGL Carbon Company GmbH [Meitingen, 

Germany]).  

 

Potassium hexacyanoferrate (III) (Fe(CN)6
3/4-; ACS reagent, ≥99.0%) and potassium chloride crystal 

(SigmaUltra; >99.0%, Sigma Chemical Co., [St. Louis, MO, USA]). Sodium sulfate crystals 

(Na2SO4; ACS reagent, 99.0%), Alfa Aesar (Tewksbury, MA), Advanced abrasives (SandBlaster, 3M 

[St. Paul, MN, USA]); Teflon tape (Dupont, [Elk Grove Village, IL]) Low resistance copper foil tape 

with conductive adhesive (0.25  1296  0.0011 thick, Kraftex® [Woodchester, Stroud, 

England]). Premium microscope slides (plain, Fisher Scientific, USA). Loctite clear silicone 

waterproof sealant (Westlake, OH, USA). GE Silicone 2+ (General Electric [Huntersville, NC, 

USA]). The tube furnace was a high temperature Lindberg/Blue M type model furnace [Thermo 

Scientific (Asheville, NC, USA)]. All aqueous stock solutions were prepared with MilliQ ® (18 MΩ) 

water. 
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Sample Preparation for Thermal Treatment 

Flexible graphite sheets, PG sheets, Battery Felt SIGRACELL® GFA3, and graphite rods were cut 

into pieces of ca. 4-5 cm long. One end of each cut graphite rod piece was polished with a 100-grit 

sandblaster followed by a finishing polishing with a 320-grit sandblaster. The PG blocks were 

exfoliated using Scotch® tape to expose fresh and pristine surfaces prior to thermal treatment and/or 

the start of control experiments using these pristine surfaces.  

 

 

Thermal Treatment 

The thermal treatment protocol for graphite samples in air for 25 minutes at 650 °C is as reported.48 

After thermal treatment, the samples were cooled slowly to room temperature. 

 

 

Electrode Preparation for Electrochemical Measurements 

Electrodes were made by fixing one side of the graphite to a glass slide with silicon grease. Low 

resistance copper foil tape was attached to one end of the graphites and run through the entire length 

of the glass slide. A small length was extended further for attachment to the potentiostat. A 

designated area of the electrode material was exposed to electrolytes by covering the other areas of 

the graphite with sealants. 

 

 

Electrochemical Measurements 

Cyclic Voltammetry  

Cyclic voltammetry (CV) studies of the various graphites, as working electrodes, were performed 

with a VersaStat 3 potentiostat/galvanostat (Princeton Applied Research). Graphite blocks (99.99%, 

40  40  3 mm3 thick) served as the counter electrodes, while Ag/AgCl (3M NaCl) were the 

reference electrodes. A 1 mM [Fe(CN)6]
3-/4- (1 M KCl) solution served as the electrolyte for the 

determination of the heterogeneous electron transfer (HET) kinetics of the graphites investigated. 

Cyclic voltammetry and other electrochemical measurements were performed within hours to several 

days after the thermal treatment of the graphite samples.  
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Potential Window Determination 

Cyclic voltammetry measurements to determine the cathodic and anodic potential limits for the onset 

of hydrogen and oxygen evolution, respectively, at defined current densities were carried out in a 1M 

H2SO4 solution. The acid solution was purged with nitrogen gas prior to and during the cathodic CVs 

runs.  

 

 

Chronoamperometry Study 

Controlled potential coulometry experiments, for each graphite pairs of pristine and thermally treated 

samples, were run at 1.6 V in 0.10 M Na2SO4 for 24 hours using a Gamry Interface 1000 

Potentiostat/Galvanostat/ZRA (Gamry Instruments, [Hartsville, PA, USA]). The electrolysis 

experiments were performed in a 1L reaction vessel. The counter electrode was a 15  9.5  0.5 cm3 

thick high surface area GFA5 felt. 

 

 

Potentiodynamic Polarization Studies  

Potentiodynamic studies were performed in a 1L reaction vessel using 0.10 M Na2SO4 as the 

electrolyte. The counter electrode (15  9.5  0.5 cm3) was made from high surface area GFA5 felt. 

Prior to start of the potential scans, an open circuit potential (OCP) was run, while continuously being 

purged with nitrogen gas and stirring, for at least 90 minutes and the values stored. Scanning of the 

potentials was carried out over a range between -0.3 V (vs ref electrode) to 1.8 V (vs ref electrode) at 

a scan rate of 1 mV/s, with the graphite materials serving as the working electrodes. Continuous 

purging with nitrogen gas while stirring simultaneously was maintained throughout the OCP runs and 

potentiodynamic scans.  

 

 

Electrochemical Impendance Spectroscopy (EIS) Study 

Potentiostatic EIS measurments were performed at room temperature using a Gamry Reference 600 

Potentiostat/Galvanostat/ZRA- (Gamry Instruments, [Hartsville, PA, USA]). The counter electrode 

was a 15  9.5  0.5 cm3high surface area GFA5 felt. The EIS measurements were performed after 

open circuit conditions were run for at least two hours to attain equilibrium. The voltage (AC) was10 

mV root mean square and the initial frequency was 10 kHz with a final frequency of 0.01 Hz. A total 

of 10 points was collated per decade.  
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Thermal Gravimetric Analysis (TGA) 

Thermogravimetric analysis (TGA) of pristine and treated samples were performed using a TGA Q50 

V20.13 Build 39 (TA Instruments; New Castle, DE, USA). Incineration of the samples was 

accomplished by using a standard furnace type in a platinum pan sample holder. The temperature of 

the pan was increased from baseline temperatures to 1000 C at a rate of 10 C/min. Combustion was 

performed in a nitrogen gas atmosphere flowing at a rate of 60 mL/min. The sample weights before 

combustion were between 1 mg and 5 mg and were weighed again on cooling down to room 

temperature after each experimental run. 

 

 

Optical Imagery-Atomic Force Microscopy (AFM) Spectroscopy 

The combined light microscopy-AFM single platform instrumentation technique for high resolution 

image acquisition of the pristine and treated pyrolytic graphite (K&J) was carried out as previously 

reported.97  

 

 

Raman Spectroscopy 

Raman scattering spectral measurements were carried out as described.48 The data were collected with 

a WITec™ alpha300 R Raman instrument (GmbH, Germany). A 100-mW, frequency doubled, 

Nd:YAG (λ = 532.5 nm) laser focused through a 20× Nikon objective (NA = 0.4, WD = 3.9 mm) 

creates a spot size of ~10 μm. Manual attenuation of the laser power, during measurements, was 

necessary to reduce or eliminate fluorescence and thermally induced artifacts during data collection 

while achieving sufficient signal-to-noise ratio to distinguish graphite bands which were qualitatively 

similar. This was important since the laser power was varied to probe three different depths or layer 

profiles: surfaces of the materials, sub-surfaces comprising of some layers beneath the surface and 

deep layer probing. Spectral acquisition of single spectrum “spot” scans was done using an alpha300 

R via a UHT-300 spectrometer (grating = 600 grooves/mm, entrance aperture = 50 μm), with an 

Andor™ DU970N-BV, 1600×200-pixel, CCD array detector. Each Raman spectrum was an average 

of 10 spectral accumulations at 0.50 seconds integration time. Optical images were saved from each 

sample area probed. Sample spots for Raman measurements were done on defect-free surfaces for 

samples with visible defects or edge exposures, as judged from their acquired and now saved optical 

images. 
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Ultraviolet Photoelectron Spectroscopy (UPS) 

Binding energy determinations were accomplished by using the data acquired from ultraviolet 

photoelectron spectroscopy (UPS) in an ultrahigh vacuum (UHV) with a base pressure < 10-10 Torr. 

The X-ray lamp was a dual anode XR 04-548 (Physical Electronics) while the X-ray source was an 

Al-Kα source operated at 400 W and an X-ray incident angle of 54.7° and normal emission. The 

kinetic energy of the photoelectrons was measured with an Omicron EA 125 hemispherical energy 

analyzer having a resolution of 0.02 eV, using both He I (21.2 eV) and He II (40.8 eV) excitation 

lines. 

 

 

Data Processing 

All data were processed using both Microsoft Excel 2016® version and Origin version 2018b® 

software. All graphs were plotted using the Origin version 2018b graph plotting component. 

 

 

Supporting Information – Appendix C 

More information on the CVs, Raman Spectroscopy and optical imaging, bulk electrolysis 

chronoamperomograms and TGA results.  
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Chapter 5: Conclusion 

 

A new thermal treatment protocol for graphites resulted in steady and consistent ∆EP values from 

aqueous cyclic voltammetry over 64 days with no appreciable aging from air oxidation on storage. 

The initially enhanced and sustained heterogeneous rate constants of graphite samples when probed 

with the Fe(CN)6
3-/4- redox couple remains essentially unchanged over the test periods. All graphite 

types exhibit the same resistance to aging and very similar behaviors relative to their controls through 

results from FTIR, Raman, XPS, UPS and water contact angle measurements. The facile and 

sustained HET kinetics in 1 mM ferri-ferrocyanide solution is attributable to structural and electronic 

changes and not from surface functional group changes or edge-density contributions.  

These findings suggest that the same or very similar underlying mechanism(s) via thermal treatment 

promote a more stable structure as a well-ordered or higher-order state (e.g., mainly aromatic, 

crystalline microstates) than the original graphites, being described by the folding funnel model.  This 

new graphite state, or ensemble, possesses a degree of crystallinity along the lattice sites that enables 

carrier hopping irrespective of adventitious oxygen-containing and hydrocarbon moieties 

synonymous with aging-induced sluggish electron transfer kinetics. This then suggests that the 

electronic structure is less perturbed and signifies a reduction of Coulombic (repulsive) contributions. 

The one-dimensional Hubbard model explains the surface-to-electronic chemistry of heat-treated 

graphite materials having enhanced and sustained electronic/electrochemical properties compared to 

their controls regardless of any adventitious functional surface groups indicated or even those changes 

that would remain potentially undetected as below the limits of investigation. 

Water contact angles reveal sensitivity to the electronic nature of the treated graphites as distinct from 

the expected surface chemistry effects. Additionally, capacitance of graphite felts arise from sub-

surface and not surface-bound oxygen-containing species as previously suggested. The overall 

increase in DOS with enhanced and delocalized  over  traits cause electronic property 

enhancements in the treated graphites. Chemical structural disorder in graphite provides preferential 

initiation sites for the thermally-induced structural and electronic re-organization in the treated 

samples. Irrespective of the enhanced and sustained HET kinetics and capacitance of the treated 

graphite, there were no compromises on their structural and functional integrity. Enhanced electron 

tunneling across the interfaces, rather than simple interfacial transfer of charges was suggested as the 

main reason for the increased HET kinetics of the treated over the pristine graphites.  
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Based on the fast and sustained HET kinetics of the thermally-treated graphite electrode materials, 

this new treatment protocol can be used in applications hinging on fast electron transfer and/or 

increased capacitance, such as sensing, electro-oxidative reactions in water purification, batteries and 

supercapacitors, catalysis, oxygen reduction for fuel cell, HPLC detectors, and in the semiconductor 

industry. 
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Appendix A - Thermal Modification of Graphite for Fast Electron Transport 

and Increased Capacitance 
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Figure S2.1: a1 to i2 are the cyclic voltamograms for the aged graphites in air for at least 63 days 

(pristine) and 64 days (treated). j1 and j2 are representative cyclic voltamograms of aged pristine and 

treated PG(K&J) Magnetics in 1mM ferri-ferrocyanide for 7 days.  

 

** Mechanical stress or agitation by exfoliating the borders (edges) of the Natural Graphite 

 

In other to accentuate the possible thermal modification effect on Natural Graphite, the borders or 

edges of both the control and treated Natural Graphite were peeled off to mechanically stress and thus 

“agitate” the graphite molecule, resulting in surface roughening, deformation and ultimately changing 

its surface chemistry.1 This is supposed to stress the material and test the efficacy of the treatment. 

Indeed, the mechanical stress reduced the capacitance of both the control and the treated but while the 

control had increased ∆Ep and more pronounced aging effects, the treated exhibited very little aging 

tendency as is deduced from the ∆EP at start and end of experiment. Besides, the control now starts 

off with a wide ∆Ep (see Table 2.1). 

The ∆Ep of 40mV for the treated graphite is an indication of enhanced porosity and the exhibition of 

thin layer tendency. Besides, the fact that the treated graphite rod shows huge capacitance increases 

with increasing scan rate () without any change in ∆Ep is a testament to the porosity of the thermally 

treated material in comparison to its control. This is further supported by its WCA measurements in 

where the treated material was now totally porous, with water percolating through the fabric of the 

material. Increasing capacitance at higher scan rate could be explained by the porosity of the material 

in which higher scan rates only serves to drive ions further into the matrix of the material previously 
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inaccessible by mere percolation as is obtained with low scan rates. Another point to note is that the 

increase in scan rate resulted in capacitance increase without asymmetric behavior (compare with 

control) suggestive of a decrease in charge transfer resistance and faster ion diffusion (rather than the 

opposite) at higher scan rate (due to the now enhanced porosity of the material). The implication of 

this finding is that we now have a material with promising candidature for supercapacitors; 

combining both high-energy storage densities with fast and or high levels of power delivery.2 3 The 

area of the electrodes are 0.331 cm2.  

The control and aged graphite felts have decreased ∆Ep with increased oxidative and cathodic peak 

current densities without accompanying capacitance increase. This behavior is suggestive of more 

exposed surface area of the fiber bundles without an accession of the capacitive advantage of these 

exposed bundles.   
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Figure S2.2: a (left) and ai (right) are the SEM images of the control and treated graphite rod. Inset 

are their magnifications (1.0k X). The images show no apparent difference(s) in surface morphology 

before and after thermal treatment. b (left) and bi (right) are the SEM images of the control and 

treated PG (K&J). The absence of pits or edges suggest that edge density induced from pitting is not a 

contributor to the enhanced facile heterogeneous electron transfer kinetics either early on or later 

during aging. c (left) and ci (right) are the SEM images of the control and treated PG (United 

Nuclear). The absence of pits or edges suggest that edge density induced from pitting is not a 

contributor to the enhanced facile heterogeneous electron transfer kinetics either early on or later 

during aging. d (left) and di (right) are the SEM images of the control and treated Artificial graphite. 

There is no apparent difference in surface morphology to account for the differences in electron 

transport capability. e (left) and ei (right) are the SEM images of the control and treated Natural 

graphite. Besides the treated sample looking more crusted, there is no apparent difference in surface 

morphology to account for the differences in their electronic properties. f (left) and fi (right) are the 

SEM images of the control and treated GFA3. g (left) and gi (right) are the SEM images of the 

control and treated GFA3. 
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Figure S2.3: Water contact angles (WCA) with (a) HOPG at the numbered day of test (0, 7, 14, 21, 

28, 35, 42, 63) clustered from left-to-right with artificial graphite, PG(K&J), and PG(UN) treated 

sample data overlaying the control data of mostly higher values; (b-e): In these pictures taken on the 

35th day of the experiment, water had just been pushed through the fiber matrix at the spot indicated 

by the arrow (b). There is apparent wetting at the spot indicated by the red arrow, yet water droplets, 

beading at angles of 180° can be seen at the site of the forced entry through the felt (c-e). In contrast, 

there are two water drops on the right side of this picture (b), indicating regions of non-wetting or 

hydrophobicity.  
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Figure S2.4 (a and b): The SEM of, (a) control and aged GFA3 and (b) treated and Aged GFA3. The 

red arrows point at possible places where the fiber bundles are splitting open to allow electrolyte and 

water entry. These fiber degradations are the main contributors to the porosity of the materials as 

revealed by CV. Figure S2.4 (c-f): The SEM of (c, d) control and aged GFA5 and (e, f) treated and 

Aged GFA3. The red arrows point at possible places where the fiber bundles are split open to allow 

electrolyte and water entry. These fiber degradations are the main path to the porosity of the materials 

as revealed by CV.  
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Figure S2.5 (a-n): The Raman spectra of the control and treated graphites from start to the end of the 

experiment.  
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Table S2.1: Lamellar spacing, La (nm) calculated from the Raman data 

Electrode Type 0 day (start) 14 days 28 days 42 days 63 days 

HOPG-ZYH C*  -  -  -  -  - 

 

T 999.91 ± 222.41 1271.6 ± 245.62 800.62 ± 93.48 710.19 ± 82.92 841.23 ± 35.44 

       
PG_(K&J) C 304.27 ± 6.87 201.32 ± 64.67 258.84 ± 23.22 227.26 ± 7.56 310.70 ± 19.23 

 

T 162.83 ± 11.57 154.54 ± 5.34 159.84 ± 13.71 104.03 ± 3.70 133.62 ± 65.83 

       
PG_(UN) C 274.36 ± 20.33 217.15 ± 38.12 254.94 ± 14.93 251.97 ± 19.52 248.61 ± 33.23 

 

T 119.33 ± 13.20 58.56 ± 25.25 44.21 ± 1.49 44.88 ± 2.71 67.27 ± 4.21 

       
Art graphite C 795.35 ± 101.28 749.39 ± 171.64 682.86 ± 106.10 703.65 ± 74.58 653.00 ± 100.14 

 

T 821.60 ± 300.19 442.42 ± 224.72 539.65 ± 94.63 515.54 ± 114.05 443.71 ± 80.11 

       
Nat graphite C 498.03 ± 284.43 523.82 ± 234.19 315.64 ± 38.11 548.50 ± 285.66 330.05 ± 119.48 

 

T 491.17 ± 72.90 426.48 ± 74.43 506.56 ± 53.30 502.06 ± 41.90 412.25 ± 86.53 

       
Graphite rod C 69.10 ± 23.11 46.27 ± 11.95 49.14 ± 2.91 65.13 ± 8.05 107.34 ± 56.39 

 

T 87.88 ± 49.65 136.77 ± 28.78 88.76 ± 27.06 102.14 ± 15.19 92.75 ± 17.13 

       
GFA3 C 18.32 ± 3.92 15.32 ± 1.00 14.47 ± 1.25 14.61 ± 0.51 17.20 ± 3.25 

 

T 10.27 ± 1.62 11.40 ± 0.27 10.90 ± 0.66 11.67 ± 0.07 11.94 ± 0.09 

       
GFA5 C 13.94 ± 1.03 15.21 ± 2.66 15.79 ± 2.75  15.44 ± 0.74 15.19 ± 2.13 

 

T 11.43 ± 0.28 10.47 ± 0.14 12.68 ± 0.31 12.48 ± 0.35 15.43 ± 0.72 

 

* The HOPG-ZYH control had no D band required for the calculation of the lamellar spacing, La
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Figure S2.6: The XPS plots of HOPG-ZYH for (a) control & fresh HOPG-ZYH (O1s), (b) treated & 

fresh HOPG-ZYH (O1s), (c) control & aged HOPG-ZYH (O 1s), (d) treated & aged HOPG-ZYH (O 

1s), (e) control & aged HOPG-ZYH (Si 2p), and (f) treated & aged HOPG-ZYH (Si 2p). 
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Supporting Information (Index A) 

Thus, employing the Hubbard model, in its simplistic form as presented by Tasaki4 to treat the new 

crystalline nature of the thermally annealed graphites, let’s treat its lattice   as a collection of sites 

, ,...x y  By introducing the term 

†

, ,xc   we represent an operator which creates an electron with spin 

,  
at site x . Thus, the corresponding annihilation operator is , ,xc  and 

†

, , ,x x xn c c  
is the 

number operator. Been electrons, these fermion operators obey the canonical anticommutation 

relations 

 †

, , , ,x x x yc c    
 

and 

  
   † †

, , , ,, , 0x y x yc c c c    
 

 

With these terms established and outlined, we will define the Hamiltonian of the Hubbard model as 

the sum of two energy components such that 

  inthopH H H 
  

 

Substituting the terms already defined above into the hopping Hamiltonian hopH
, we have  

  

†

, , ,

, ,

hop x y x y

x y

H t c c 
  

  
 

 

Whereby , ,x y y xt t
, which is assumed to be real, represents the quantum mechanical probability that 

an electron hops from site x  to 
y

(or from 
y

to x ) 
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 The interaction Hamiltonian intH
 is represented as      

 

  
int θ, ,

,

, , ,x x x x

x

H U n n 



  

 
 

   

  
int , θ, ,

, ,x x x x
x

H U n n 
   




 

 

Where 
0xU 

 is a constant. The Hamiltonian represents a non-linear interaction which raises the 

energy by xU
 when two electrons occupy a single-orbital at x . We have introduced a shielding or 

screening factor,   in the Hubbard interaction Hamiltonian term, intH
in which the repulsion energy 

(as represented by the Coulombic energy) is greater than 0 but diminished by the additional term,  , 

 which has a negative value  and can be interpreted as the screening of the Coulomb interaction by 

the electrons in different orbital states.  We have introduced an angle parameter,  to the screening 

factor such that the electron wavefunctions are angled in such a way as to enhance shielding from, say 

adventitious functional groups on the surface of the graphite. It is this shielding factor that hinders 

aging while the other components of the Hubbard Hamiltonian keep the entire system correlated.  
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Appendix B - In-Situ Prussian Blue Synthesis on Thermally-Activated 

Graphite 
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Figure S3.1: Surface morphology images acquired via SEM of a: Pristine GFA3 (no PBNP); b: 

Pristine GFA3-PBNP (2x dipped); c: Pristine GFA3-PBNP (3x dipped) and d: Pristine GFA3-PBNP 

(3x dipped) at higher magnification; e: Treated GFA3 (no PBNP); f: Treated GFA3-PBNP (2x 

dipped); g: Treated GFA3-PBNP (3x dipped) and h: Treated GFA3-PBNP (3x dipped) at higher 

magnification.  
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Figure S3.2: The EDS plots of (a) Pristine GFA3-PBNP_(2x dipped); (b) Pristine GFA3-PBNP_(3x 

dipped) and (c) Treated GFA3-PBNP_(3x dipped).  
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Figure S3.3: ATR-FTIR spectrum of control (pristine)-GFA3-PBNP 
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Figure S3.4: Raman spectra of the Treated-PG(K&J) in the absence and presence of PBNP (3x 

dipped and 6x dipped). The plot labelled (3x dipped)_“hunted_for” was obtained by scanning the 

surface of the PG to find out if there is a local concentration of PBNP enough to excite Raman 

intensities stronger than the intensities of the “3x dipped”, which were repeatedly obtained several 

times. The left insert is the region at 750 cm-1 and less showing the various stretching and 

deformation modes of the M-CN. The right insert is the Raman of a single fiber that showed a mode 

at 2153 cm-1.  
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Figure S3.5: Wide angle (“survey”) XPS spectra of (a) treated PG(K&J)-PBNP (3x dipped) and 

treated PG(K&J) (No PBNP). (b) Treated GFA3-PBNP_(2x Met-Cat) and Treated GFA3-No PBNP. 

(c) High resolution Fe2P XPS spectra of Treated GFA3-PBNP_(2x Met-Cat).  
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Figure S3.6: (a) the valence band spectra at the HOMO obtained from the He2 and (b) He1 lines of 

the treated PG(K&J)-PBNP_ (3x dipped) and its control, treated PG(K&J)_(No PBNB).   
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Figure S3.7: The CV in 1 mM Fe(CN) 1M KCl of Pristine GFA3 (No PBNP), pristine GFA3-

PBNP_(2x dipped) and pristine GFA3-PBNP_(3x dipped).  = 0.05 V.s-1.  
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Figure S3.8: The CV in 1M KCl of pristine graphite rod (GR), treated GR and treated GR-PBNP at 

various dipping cycles of the synthesis reagents.  
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Appendix C- Increased Electron Transfer Kinetics and Thermally Treated 

Graphite Stability through Improved Tunneling Paths  
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Figure S4.1: The potential windows in 1 M H2SO4 of (a) pristine and treated graphite rod, 

(b) pristine and treated GFA3. Inserts of (a) and (b) are their cyclic voltammograms (CVs). 

Cyclic voltammograms (CVs) were run in 1mM Fe(CN)6
3-/4- (1M KCl) and at  = 0.05 V/s.  
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Figure S4.2: Raman spectra of the 2D band of pristine and treated (a) graphite rod, (d) 

GFA3. Optical images, respectively, of pristine and treated (c, d) graphite rod, and (e, f) 

GFA3.   
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Figure S4.3: Bulk electrolysis in 0.10 M Na2SO4 for 24 hours at 1.6V for pristine and treated 

(a) graphite rod and (b) GFA3.  
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Figure S4.4: Potentiodynamic studies in 0.10 M Na2SO4 for 24 hours at 1.6V for pristine and 

treated (a) graphite rod and (b) GFA3.  

-0.5 0.0 0.5 1.0 1.5 2.0

1E-9

1E-8

1E-7

1E-6

1E-5

1E-4

0.001

i 
(A

 c
m

-2
)

Potential (V)

 Pristine Graphite rod

 Treated Graphite rod

(a)

-0.5 0.0 0.5 1.0 1.5 2.0

1E-9

1E-8

1E-7

1E-6

1E-5

1E-4

0.001

i 
(A

 c
m

-2
)

Potential (V)

 Pristine GFA3

 Treated GFA3

(b)



191 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

200 400 600 800 1000
95

96

97

98

99

100

101

M
a

s
s
 P

e
rc

e
n

ta
g

e
 (

%
)

Temperature (C)

 Pristine Artificial Graphite

 Treated Artificial Graphite

(b)

0 200 400 600 800 1000

60

70

80

90

100

110

M
a
s
s
 P

e
rc

e
n
ta

g
e
 (

%
)

Temperature (C)

 Pristine GFA3

 Treated GFA3

(a)



192 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4.5: The thermogravimetry analysis (TGA) figures of pristine and treated samples 

of (a) GFA3 (b) artificial graphite and (c) graphite rod.     
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Figure S6: The Bode plots of (a) pristine and (b) treated PG (K&J) in 0.10 M Na2SO4. 
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Figure S7: The light-microscopy-AFM images of the 3D topology (6 m scans) of (a) 

pristine, (b) treated PG (K&J); (c) 3 m scan of pristine and (d) 1 m scan of treated PG 

(K&J); 6 m phase scans of (e) pristine, (f) treated PG (K&J).  
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