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ABSTRACT

Aging of graphite-based materials results in slower heterogeneous electron

transfer (HET) kinetics and limits their conducting and catalytic performance. A

thermal treatment protocol reportedly maintained a high HET kinetics of gra-

phite by at least nine weeks. The present report investigates the consequences of

such HET increases on graphite stabilities. Raman 2D peak evolution, potential

windows, EIS, optical AFM, chronoamperometry and potentiodynamic polar-

ization studies were employed to investigate electrochemical, structural and

corrosion stabilities and mechanisms of the pristine and thermally treated gra-

phite as they relate to its HET kinetics. Structure-induced electronic changes are

suggested to trigger improved tunneling paths through the interfaces from the

bulk layer. This tunneling improves and sustains HET kinetics by orders of

magnitude in the treated graphite. Except for the graphite fibers, thermal

treatment increased HET kinetics without compromises to electrochemical,

structural and corrosion stabilities. In most instances, these properties improved

over the pristine graphite.
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GRAPHIC ABSTRACT

Thermal treatment transforms the pristine graphite into well-ordered lattices.

AFM images show visual indifference between the pristine and treated graphite.

However, their electronic structures and resultant electrochemistry are different.

Despite minimal energy differences between both structures, a large thermo-

dynamic barrier hinders the reversal of the treated to the pristine-like state.

No visual differences

Structural, Electrochemical 
and Energy differences

Introduction

For over 60 years, active research in the carbon field

has sought to know why and how carbon materials,

especially graphite/graphitic materials—with inher-

ently low electronic conductivity—experience

degradation in electron transfer kinetics on air/so-

lution exposure [1–7]. At most times, this decay in

heterogeneous electron transfer (HET) kinetics is of

the order of minutes to hours [8–13]. HET kinetics is

fundamental in solid carbon electrode–electrolyte

interactions, determining the performance of

materials in electrochemical applications [10, 14] and

playing significant roles in molecular electronics,

electrochemical energy storage/conversion, sensing

and electro-oxidative reactions [9, 15–23]. Several

techniques have been employed to restore the HET

kinetics of carbonaceous materials after air- or solu-

tion-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,
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electrochemical polarization such as pre-anodization

and plasma activation protocols such as radio-fre-

quency plasma, among many others [7, 24, 25].

Despite several remedial strategies employed to date,

the issue of slower HET due to aging remains a major

limitation 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 [5–7, 24–31].

Recently, a thermal treatment protocol was reported

to have tuned the electronics of eight different graphite

samples [32]. This electronic tuning increased and sus-

tained their HET kinetics for at least nine weeks while

boosting the capacitance of the treated graphite felts.

The thermally treated graphite@Prussian blue speci-

mens, as shown by cyclic voltammograms in another

study, were stable for up to 36 h in a neutral solution.

That finding showed superior performance after ther-

mal treatment in contrast to other reports on untreated

graphitic materials@Prussian blue or their composites

[33]. These results raise the question of the functional

and structural stabilities of these treatedmaterials. This

is because there have been several reports of trade-off in

stability/longevity in carbon materials, platinum and

other electrode materials with good electronic conduc-

tivity. Such good electronic conductivity and fast HET

usually result in materials/electrode degradation

[34–38], such as increased corrosion rates [34, 39, 40].

The question therefore is: what is the trade-off, as

regards material stability, for this kind of fast and sus-

tained HET kinetics in the thermally treated graphite?

The present report also addresses the contributions

of electrode texture/structure and morphology to the

electrochemical properties of the treated graphite on

which the rate of electron transfer at carbon elec-

trodes depends [41]. For example, even within 2D

materials, graphenes have more defects (in textural

contexts such as surface wrinkles) than carbon nan-

otubes (CNTs) [42–44]. These defects ensure that

graphenes, and similarly MoS2, have more density of

states (DOS) than CNTs [42–44] and therefore better

electrochemical [10, 45, 46] and even mechanical

properties [42–44]. The key questions formulated

include the following: (a) Are surface defects (such as

wrinkles, roughness) responsible for the fast and

sustained HET kinetics of the treated graphite? 2D

materials have ordered layer stacking, which is

reportedly responsible for most of their electro-

chemical properties [47–49]. (b) Is the fast electron

transfer kinetic of the treated graphite related to the

ordered stacking of their graphene sheets? (c) If

ordered layer stacking in graphite occurs on thermal

treatment, to what extent would this stacking influ-

ence the use of these treated graphite samples for

applications as graphite intercalation compounds

(GICs)? (d) If the treated materials could be used as

GICs (GICs are graphite with highly tunable inter-

layer spaces, which can accommodate a variety of

ions and molecules [50]), what is the importance of

texture and morphology such as smooth, clean

interfaces (or roughness) [51, 52] and mechanical

flexibility (or rigidity) [50] to the staging phe-

nomenon in GICs? This is because graphite mor-

phology is suggested to be tightly connected with the

intercalation process [53]. (e) How does thermal

treatment affect the potential windows of the various

graphite samples employed in this study in terms of

their hydrogen and oxygen evolution potentials?

To address the questions above, six types of graphite

samples with different textures and morphologies

were investigated, such as: (i) pyrolytic graphite from

Panasonic (PG(Panasonic)): thin, flexiblewith roughor

uneven surface, (ii) PG(K&J): thick, rigid, hard with

coarse/corrugated surface, (iii) artificial graphite: thin,

flexible with smooth surface, (iv) graphite (Equalseal):

thick, rigid and brittle, soft and with smooth surface,

(v) graphite rod: solid, packed particles, rough and

coarse surface with circular exposed areas and (vi)

GFA3 (graphite fiber with approximately 3 mm fiber

thickness): soft, flexible and fibrous, with finely bun-

dledfibers (see Figure S1 for images of thesematerials).

Experimental

Methods

Chemicals and materials

All materials, chemicals and reagents were used as

received from the suppliers: flexible pyrolytic graphite

(PG) sheets (Panasonic Electronic Components:

115 9 180 9 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 (8.2500 9 9.500 9 1/1600), Acros

Organics (Bridgewater, NJ, USA); artificial graphite

sheets (T68; 50 mm 9 20 mm 9 25 lm) (t-Global Tech-

nology Co. Ltd, Taiwan); pyrolytic graphite blocks, PG1

(32 ± 2 mm 9 16 ± 2 mm 9 0.75 ± 0.5 mmthick,K&
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J Magnetics [Plumsteadville, PA, USA]); graphite rods

(40767-KD: graphite rod, 6.15 mm (0.242 in) dia. 9 152

mm (6 in) long, 99.9995% (metals basis, Alfa Aesar

[Haverhill, MA, USA]); graphite blocks (99.99%,

40 9 40 9 3 mm3 thick) Maibang Carbon (Henan,

Mainland China); Ag/AgCl/3 M NaCl (aq) reference

electrodes (0.209 Vvs. SHE) and reference electrode cells

(Bioanalytical Systems Inc (BASi), West Lafayette, IN,

USA)); battery felt SIGRACELL�GFA3 (297 9 210 9 3

mm3 thick) and soft felt SIGRATHERM GFA5

(297 9 210 9 5 mm3, SGL Carbon Company GmbH

[Meitingen, Germany]); Advanced abrasives (Sand-

Blaster, 3 M [St. Paul, MN, USA]); Teflon tape (Dupont,

[Elk Grove Village, IL]); low resistance copper foil tape

with conductive adhesive (0.2500 9 129600 9 0.001100

thick, Kraftex� [Woodchester, Stroud, England]); pre-

mium microscope slides (plain, Fisher Scientific, USA);

loctite clear silicone waterproof sealant (Westlake, OH,

USA); and GE silicone 2 ? (General Electric [Hun-

tersville, NC, USA]).

Chemicals: potassium hexacyanoferrate (III)

(Fe(CN)6
3/4-; ACS reagent, C 99.0%) and potassium

chloride crystal (SigmaUltra;[ 99.0%, Sigma Chem-

ical Co., [St. Louis, MO, USA]); sodium sulfate crys-

tals (Na2SO4; ACS reagent, 99.0%) (Alfa Aesar,

Tewksbury, MA). All aqueous stock solutions were

prepared with MilliQ� (18 MX cm-1) water.

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 gra-

phite rod piece was polished with a 100-grit sand-

blaster followed by a finishing polish with a 320-grit

sandblaster. The PG blocks were exfoliated using

Scotch� tape [54], to expose fresh and pristine sur-

faces 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 min at 650 �C is reported [32]. After

thermal treatment, the samples were cooled slowly to

room temperature inside the furnace. The tube fur-

nace was a high-temperature Lindberg/Blue M-type

model furnace [Thermo Scientific (Asheville, NC,

USA)].

Spectroscopy measurements

Raman spectroscopy

Raman scattering spectra were collected using a

WITecTM alpha 300 R instrument (GmbH, Germany)

with a 100-mW, frequency-doubled Nd:YAG

(k = 532.5 nm) laser focused with a 20 9 Nikon

objective (NA = 0.4, WD = 3.9 mm) to a spot size of

the order of 10 lm, as described elsewhere [32].

Manual attenuation of the laser power to approxi-

mately 5 mW (sample incidence) reduces fluores-

cence and thermally induced artifacts prior to

spectral acquisition to achieve sufficient signal-to-

noise quality for graphite band comparisons at

roughly similar conditions.

Ten single-spectrum ‘‘spot’’ scans over 0.50 s inte-

gration time via a UHT-300 spectrometer (grat-

ing = 600 grooves/mm, entrance aperture = 50 lm)

with an AndorTM DU970N-BV CCD array detector

(1600 9 200 pixels) produce an average spectrum for

comparison from three distinct and random sample

locations. Spectral averages from near the surface,

subsurface and deep-layer levels were acquired with

optical images saved for each sample location

through the same objective. Raman spectra were

collected from visually defect-free sample locations,

far from obvious edge exposures, for samples with

visible defects or edge exposures, as judged from

their acquired and now saved optical images.

Optical/atomic force microscopy (AFM)

The combined light microscopy with AFM single-

platform instrumentation technique for high-resolu-

tion image acquisition of the pristine and treated

pyrolytic graphite (K&J) was carried out as previ-

ously reported [55].

Ultraviolet photoelectron spectroscopy
(UPS)

Binding energies were determined from ultraviolet

photoelectron spectroscopy (UPS) in an ultrahigh

vacuum (UHV) with a base pressure\ 10–10 Torr:

dual anode XR 04–548 X-ray lamp (Physical Elec-

tronics); Al–sKa source operated at 400 W; X-ray

incident angle of 54.7� and normal emission; Omicron

EA 125 hemispherical energy analyzer, 0.02 eV
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resolution, using both He I (21.2 eV) and He II

(40.8 eV) excitation lines.

Thermal stability determinations

Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) of pristine and

treated samples came from the TGA Q50 V20.13

Build 39 (TA Instruments; New Castle, DE, USA).

Sample incineration in a platinum pan with a stan-

dard furnace ramped the temperature from baseline

to 1000 �C at 10 �C/min under nitrogen flowing at

60 mL/min. Samples initially between 1 and 5 mg

were weighed again after cooling to room

temperature.

Electrode preparation for electrochemical
measurements

Electrodesweremadebyfixingone side of thegraphite

to a glass slide with silicon grease. Low-resistance

copper foil tapewas attached to one end of the graphite

and run through the entire length of the glass slide. A

small length was extended further for attachment to

the potentiostat. The working electrode area (0.3 cm2

for graphite rods, ca. 1.0 cm2 forGFA3 and ca. 0.50 cm2

for other graphite) was exposed to electrolytes by

insulating other graphite areas with sealants.

Electrochemical measurements

Cyclic voltammetry

Cyclicvoltammetry (CV) studiesof thevariousgraphite

samples, asworking electrodes, were performedwith a

VersaStat 3 potentiostat/galvanostat (Princeton

Applied Research). Graphite blocks (99.99%,

40 9 40 9 3 mm3 thick) served as the counter elec-

trodes, while Ag/AgCl (3 M NaCl) were the reference

electrodes. A 1 mM [Fe(CN)6]
3-/4- (1 M KCl) solution

served as the electrolyte and redox probe for the

determination of the HET kinetics of the graphite

investigated. The CVs of the graphite in 1 mM

[Fe(CN)6]
3-/4- (1 MKCl)were performed in triplicates

for eachgraphite. SeveralCVrunsweredone for each in

this redox probe to ensure voltammogram stability and

reproducibility. CVs and other electrochemical mea-

surementswereperformedwithinhours to severaldays

after thermal treatment of the graphite. Pristine GFA3

electrodesweremadehydrophilic bywetting in acetone

and then rinsing with copious amounts of MilliQ�
water. For the present report, ferricyanide/ferro-

cyanide (Fe(CN)6
3-/4-) served as the redox couple to

probe the HET kinetics of the graphite electrodes for

threemain reasons. First, Fe(CN)6
3-/4- is stable, soluble

and undergoes a rapid outer-sphere mechanism

involving one-electron exchange [5]. Second,

Fe(CN)6
3-/4- is sensitive to surface oxides on carbon

electrodes [11, 56]. Third, with Fe(CN)6
3-/4-, there is

minimum bonding interaction between the carbon

electrodematerial and the cations in solution [41]. Then,

the resultant electrochemistry would not be attributed

to charge-transfer complexes from surface bonding

interactions [57]. The implication is that the redoxprobe

is meant to reflect and respond to sluggishness in elec-

tron transfer kinetics from adsorbed oxides on the

electrode surfaces [11, 56]. These oxides have been

implicated in aging [58, 59]. Thus, awideningDEp from

Fe(CN)6
3-/4- is an indication that the electrode is aging.

The converse would suggest that the aging phe-

nomenon is not necessarilydue to surface contaminants

like the oxides and methyl (-CH2) groups previously

reported [32].

Potential window determination

Cyclic voltammetry to determine the cathodic and

anodic potential limits for the onset of hydrogen and

oxygen evolution, respectively, at defined current

densities was carried out in a 1 M H2SO4 solution—

purged with nitrogen prior to and during cathodic

CV runs.

Chronoamperometry study

Controlled potential coulometry experiments, for each

graphite pair of pristine and thermally treated sam-

ples, were conducted at 1.6 V in 0.10 M Na2SO4 for

24 h using a Gamry Interface 1000 Potentiostat/Gal-

vanostat/ZRA (Gamry Instruments, [Hartsville, PA,

USA]). The electrolysis experiments were performed

in a 1 L reaction vessel. The counter electrode was a

15 9 9.5 9 0.5-cm3-thick, high-surface-areaGFA5 felt.

Potentiodynamic polarization studies

Potentiodynamic studies were performed in a 1L

reaction vessel using 0.10 M Na2SO4 as the elec-

trolyte. The counter electrode (15 9 9.5 9 0.5 cm3)
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was the 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 min and the

values stored. Potential scans ranged between -0.3

and 1.8 V (vs Ag/AgCl reference electrode) at 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 impedance spectroscopy (EIS) study

Potentiostatic EIS measurements at room tempera-

ture with a Gamry Reference 600 Potentiostat/Gal-

vanostat/ZRA- (Gamry Instruments, [Hartsville, PA,

USA]) used a 15 9 9.5 9 0.5 cm3 piece of GFA5 felt

as the counter electrode. EIS was carried out at open

circuit potentials (OCP) vs Ag/AgCl reference elec-

trode by superimposing an AC signal of 10 mV (rms)

on the OCP and scanning the frequency from 10 kHz

to 10 mHz and collecting ten data points per decade

of frequency range.

Data processing

Microsoft Excel 2016� version and Origin version

2018b� facilitated all data processing. The Origin

graph plotting component produced all graphs, and

the curve-fitting for Raman 2D bands used the non-

linear least-square fitter based on the Levenberg–

Marquardt algorithm.

Results and discussion

To answer the concerns raised in Introduction and

the questions in (a) through (e) above, Raman spec-

troscopy was employed to probe the graphene layer

stacking in the graphite using the 2D band evolutions

and excursions. This investigation would lead to a

better understanding of how ordered (or disordered)

stacking of the graphite layers influences the

observed electrochemistry of the treated compared to

the pristine graphite. Typically, a Raman 2D peak

changes from a one-peak to a four-peak band for

single to bilayer graphene transition [60–62]. As the

graphene layer increases to more than five sheets, the

2D spectrum becomes similar to that of bulk graphite

[61, 62]. A typical Raman 2D graphite spectrum has

two peaks [62–66], consistent with that of multilayer

graphene (greater than five layers) [61, 62], and

indicative of 3D ordering [65, 66]. The Raman 2D

band curve-fittings (viz. vibrational mode recon-

structions) of the pristine and treated graphites and

their corresponding optical images are shown in

Figs. 1 and S2. The pristine PG (Panasonic) curve-

fitting shows three likely vibrational modes (Fig-

ure 1a), while that of the treated sample shows seven

fitted modes (Fig. 1b).

These results suggest that the pristine samples

have some level of layer ordering, while the treated

sample is well ordered. Besides, their optical images

are similar (Fig. 1c, d). The pristine and treated gra-

phite, respectively, of Equalseal (Fig. 1e, f), PG (K&J)

(Fig. 1j, f), graphite rod (Figure S2a, b) and GFA3

(Figure S2 e, f) curve-fittings show two peaks each.

These fits are characteristic of graphite (3D material)

and indicate anisotropy in their layer orderings. The

curve-fittings of the pristine and treated artificial

graphite have multiple fits, consistent with isotropic

graphene stacking traits previously thought unique

to only 2D materials [67]. The curve-fittings of the

pristine samples of PG (Panasonic) (Fig. 1a), and

artificial graphite (Fig. 1m) are suggestive of an

ABCA (rhombohedral) stacking order. The curve-fit-

tings of the treated samples of the PG (Panasonic)

(Fig. 1b) and artificial graphite (Fig. 1n) are sugges-

tive of an ABAB (Bernal) stacking order [68, 69]. The

ABAB stacking is thermodynamically more stable to

those of the ABCA-type stacking [70]. These config-

uration differences would influence their electro-

chemical responses. The graphite images in Figs. 1

and S2 show no observable differences in morphol-

ogy. Although optical imagery is not conclusive on its

own at this stage, it will suggest that the differences

in Raman spectra are not from morphological

differences.

Since Raman spectroscopy correlates well with

X-ray diffraction (XRD) data in terms of crystallinity

determination, via the determination of the in-plane

crystallite spacing, La from Raman data [66, 71, 72],

we had previously used Raman data to calculate the

in-plane crystallite spacing along the a-axis (La) [32].

In that report, we surmised that except for the gra-

phite rods and natural graphite (the reason is that the

overall electronics of these graphite species is pre-

dominant over their defect ratio, ID/IG), the decrease

in La between planes corresponds to an increase in
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the crystallite sizes. The trend indicated a transition

from a diffusive (in the pristine) to a lamellar struc-

ture on thermal treatment [66, 73]. This transition

results in well-ordered hexagonal or honeycomb-like

structures with good electrical conductivities [74].

TGA data could be used to relate structures to

bonding-induced stability of materials. The TGA

results of graphite (Equalseal), PG (K&J) and

PG(Panasonic) are shown in Fig. 2a–c, while those of

GFA3, artificial graphite and graphite rod are shown

in Figure S4a–c. Figure 2a inset shows that the pris-

tine 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. 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. Graphite rod is the

exception: The treated sample has a steeper (faster)

decomposition profile compared to its pristine (Fig-

ure S4c). The graphite rod rigidity may be responsible

for this trend. The thermal stability of the treated

relative to the pristine samples may arise from less

disruption of the more crystalline nature of the trea-

ted materials [32, 75–77].

(a) (b)

(e) (f)

(i) (j)

2550 2600 2650 2700 2750 2800 2850

No
rm
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d I
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 (a
.u.
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(m)

2550 2600 2650 2700 2750 2800 2850
Wavenumber (cm-1)
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(c)

(d)

(g)

(h)

(k)

(l)

(o)
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Figure 1 Deconvolved Raman 2D band of pristine and treated (a,

b) PG (Panasonic), (e, f) graphite (Equalseal), (i, j) PG (K&J), and

(m, n) artificial graphite. Optical images, respectively, of pristine

and treated (c, d) PG (Panasonic), (g, h) graphite (Equalseal), (k,

i) PG (K&J) and (o, p) artificial graphite. The scale bars are 70 lm
for each optical image. The full Raman spectra of all graphite in

this study are in Figure S3.
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The topographies of both PG (K&J) sets were pro-

bed further by light microscopy-coupled AFM [55].

The aim of these measurements was to check for

possible surface modification from thermal treat-

ment. The AFM scans of the pristine and treated PG

(Fig. 3a, b, respectively, and Figure S5) from several

locations show that the treated PG surface is more

uneven compared to the pristine. The treated PG has

craters of 0.30–0.35 lm in depth, while those of the

pristine are 0.10–0.15 lm beneath the surface. Both

graphite samples had similar grain sizes ca.

50–100 nm.

To investigate their interfacial reactivities in dif-

ferent electrolytes, the HOMO-level electronic spectra

of the graphite were examined via ultraviolet pho-

toelectron spectroscopy (UPS). The valence band

maximum (VBM) energy relative to the Fermi energy

(EF–EVBM where EF = 0 eV)—an energy position of

the onset of the valence band state [78, 79]—and an

indication of the potential for interfacial chemical

reactions [80] of the treated and pristine samples

were similar (Table 1). Trends seen in Fig. 4 appeared

for all other graphite samples in this study (Fig-

ure S6). These results suggest that even though there

were structural differences and significant electronic

band changes between both graphite sets [32], there

were little-to-no structural influences on their

potential interfacial reactions.

Same graphite species such as PG (K&J), GFA3,

graphite rod and artificial graphite used in ref [32]

(these graphite samples were used to check for con-

sistency and reproducibility for this present paper in

regard to the studies on thermally treated graphite)

as well as some new graphite species [PG (Panasonic)

and graphite (Equalseal)] were employed to assay for

the electron transfer kinetics of the graphite

employed in this study for the purpose of under-

standing the importance and consequences of the fast

electron transfer kinetics on the stability of the ther-

mally treated graphite. The cyclic voltammograms

(CVs) in 1 mM Fe(CN)6
3-/4- and 1 M H2SO4 for HET

rates (k0) and potential window values, respectively,

are shown in Fig. 5. The k0 values were determined

using the Nicholson method [81]. The k0 and poten-

tial window values (anodic and cathodic limits at 200

lA cm-2 onset for oxygen and hydrogen evolution,

respectively) are presented in Table 1.

(a)

(b) (c)

Figure 2 The thermogravimetric analysis (TGA) figures of pristine and treated samples of a Graphite (Equalseal). Inset zoom of

0–650 �C. b PG (K&J) and c PG (Panasonic).
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The HET kinetics in the current report—except for

the GFA3—is very similar to those of ref.[32], sug-

gesting reproducibility of k0 even for the same gra-

phite types bought at different times. New in this

report (Table 1) is the importance of thermal treat-

ment to the potential windows, corrosion properties

and valence band maxima (VBM). The potential

window values of the treated pyrolytic graphite (PG)

and artificial graphite decreased by about 0.2 V with

a twofold increase in k0, compared to the pristine

samples (Fig. 5a–d, respectively). These potential

window decreases were mainly from the cathodic

and anodic limits of the PG and artificial graphite,

respectively (Table 1).

The treated graphite (Equalseal) had nearly the

same k0 with a slight potential window increase of ca.

0.60 V over the pristine (Fig. 5bi). Also, the pristine

sample anodic region reveals both a decreased

potential and a large onset current density to oxygen

evolution unlike the treated sample (Fig. 5bi). This

result shows the susceptibility of the pristine sample

to oxygen evolving reactions. The treated graphite

rod showed k0 increase of roughly an order of mag-

nitude and potential window increase of ca. 0.30 V.

With GFA3 as an exception, the increase in the trea-

ted graphite k0 is independent of the textures and/or

morphology of the graphite (Table 1). As for the

treated GFA3, we ascribe the slight decrease in k0

reported here to inhomogeneities from fiber prepa-

ration. This is because the treated GFA3 k0 value was

higher than its pristine counterpart in an earlier

report [32], and slightly less in a later report [33].

These findings imply that electrons tunnel effi-

ciently through the distances separating the ther-

mally treated electrode surfaces from the redox probe

irrespective of oxides on the treated graphite surfaces

[25]. In contrast, the pristine graphite surface oxides

lead to electrostatic repulsion from the redox

probe, thereby resulting in larger electron tunnel-

ing distance—between the electrode and the

Fe(CN)6
3-/4-—and more sluggish kinetics [46, 82].

The treated PG(Panasonic) CVs in 1 M H2SO4

exhibited up to stage 1 ion intercalation unlike the

pristine with only a stage ‘‘4 ? 5’’ and a mild ‘‘1 ? 2’’

(every stage set is numbered and designated with

broken vertical lines in Fig. 5a (ii). The intercalation

inserts HSO4 (intercalant) into the graphene layers

across the graphite basal planes to form a

graphite�HSO4
- complex [5, 53, 83]. The number of

graphite layers between the intercalate layers is

known as the ‘‘stage’’ number. Staging is the most

important characteristic ordering property of GIC

graphene sheets [5, 53, 83]. Also, staging reflects the

degree of graphitization and crystalline perfection of

graphite [5, 83]. It is suggested that thermal treat-

ment-mediated conversion of the ABC (staggered)-

type layering to the ABA (parallel) type is responsible

for these differences in intercalation stages.

Thus, the PG (Panasonic) thermal treatment resul-

ted in (a) increased material graphitization and

crystalline perfection, (b) proper graphene stacking

(from Raman data), (c) increased stages of intercala-

tion and (d) increased HET kinetics as earlier repor-

ted [32, 33]. The pristine and treated graphite

Figure 3 The AFM 3D topography of a pristine (3-lm scan) and b treated (1-lm scan) PG (K&J).
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(Equalseal) did not intercalate in 1 M H2SO4

(Fig. 5b(i)). No differences in intercalation occurred

between the pristine and treated PG(K&J). However,

the treated samples exhibited higher current density.

The treated artificial graphite exhibited up to stage 1

ion intercalation (every stage set is designated with

broken vertical lines in Fig. 5d(i)). The pristine arti-

ficial graphite had one stage (a ‘‘4 ? 5’’) intercalation

(Fig. 5d(i)). With stage ‘‘1 ? 2’’ intercalation, the

treated PGs have properly stacked graphene sheets

and exhibited both higher graphitization and crys-

talline perfection [5, 83]. Thus, Raman spectroscopy

explains the increased staging of the treated PG

during intercalation and corroborates the proper

stacking order in the treated PG, gleaned from the

increased intercalation staging in H2SO4 (Fig. 5d(i)).

In the treated PG (K&J), electronic tuning (higher

graphitization and crystalline perfection) [32, 33]

without ordered stacking made no difference to the

intercalation stages. The graphite rods and GFA3

results were the same for their pristine and treated

samples (Fig. 5e and f, respectively). The treated

GFA3 displayed increased cathodic and anodic win-

dows. These results suggest that in the absence of

intercalation, thermal treatment increased the poten-

tial windows.

The CVs in 1 M H2SO4 (Fig. 5b(i)) also suggest that

thermal treatment increased the overpotentials for

hydrogen and oxygen evolution reactions (HER and

OER) of treated graphite (Equalseal) due to loss of

active sites for these reactions:

Cathodic 2Hþ þ 2e� ! H2 ð1Þ

Anodic 2H2O ! O2 þ 4Hþ þ 4e� ð2Þ

These two reactions are site specific for adsorption

of water (H2O) and H? species. Surface defects are

potential sites for adsorption of these species. Here,

such sites are graphite edges (defects), carbon

vacancies (point defects) and stacking defects [84].

The treated graphite has low edge defects (ID/IG from

Raman data, see Figure S3b), and mainly ordered

stacking (see discussion on Raman spectra). There-

fore, the treated graphite has inherently low defect

concentration and therefore shows high overpoten-

tials for HER and OER [84]. Graphite (Equalseal) and

graphite rod samples showed low anodic potential

windows @ 200 lA/cm2 (Table 1). These potentials

being lower than the equilibrium potential for OER
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(1.02 VAg/AgCl in pH 0 solution) suggest anodic oxi-

dation of the graphitic material by

C þ H2O ! CO þ 2Hþ þ 2e�

E0 ¼ 0:309 VAg=AgCl
ð3Þ

CO þ H2O ! CO2 þ 2Hþ þ 2e�

E0 ¼ �0:312 VAg=AgCl
ð4Þ

Thermal treatment improved the resistance to

degradation of the Equalseal graphite as the anodic

potential increased to 1.13 V from 0.8 VAg/AgCl.

Thus, in answer to question (a), the fast HET

kinetics of the thermally treated graphite is inde-

pendent of surface textures (such as wrinkles or

smoothness) or even morphology of the graphite. To

question (b), which asked whether the fast electron

transfer kinetics of the treated graphite are related to

the ordered stacking of their graphene sheets, the

answer is no! Ordered layer stacking is not respon-

sible for the fast HET kinetics of the treated graphite.

For question (c), which asked whether ordered

stacking is important for GIC formation, the answer

is yes! For ‘‘1 ? 2’’ staging numbers, properly stacked

graphenic sheets in the graphite are required even

though that is not all that is required. Higher levels of

graphitization and crystallinity are equally important

for increased staging in GICs. For question (d), tex-

ture, such as smoothness or unevenness, is not a

prerequisite for the graphite used as GICs in this

study. PG (Panasonic) is thin, flexible with rough or

uneven surfaces, while artificial graphite is thin,

flexible with smooth surface. So, there were not any

differences between a smooth and an uneven surface

for thin flexible sheets. Also, the rigid graphite

(Equalseal, PG (K&J) and rods) showed no interca-

lation, implicating mechanical flexibility as important

for GIC formation wherein rigidity hinders material

expansion. Thus, for a graphitic material to have

properties desirable for GICs, (i) ordered layer

stacking, (ii) higher levels of graphitization and

crystalline perfection and (iii) mechanical flexibility

are a requirement. For question (e), the potential

window decrease occurred where intercalation stag-

ing and or current densities are high (such as the two

treated pyrolytic graphite types used in this report

and treated artificial graphite). Otherwise, heat

treatment resulted in potential window increase for

the remainder of the graphite. It is also suggested that

‘‘activated’’ edges from thermal treatment might have

lowered the cathodic limit (higher HER activity) of

the thermally treated PG (Panasonic) [84].

To ascertain whether thermal treatment compro-

mised the equilibrium corrosion properties of the

treated graphite (structural stability issues) compared

to their pristine samples, bulk electrolysis of the

graphite was carried out at 1.6 V and in 0.10 M

Na2SO4 solution. The results of these studies (Fig. 6

and Figure S7) show no compromise in stability of

the treated graphite when used as anodes, despite the

magnitude increases in k0 for some of the samples.

For example, the treated PG current density was

about the same as its pristine (Fig. 3a), even with two

orders of magnitude difference in k0. The pristine

Equalseal graphite had about a 1 mA/cm2 higher

current density relative to its treated sample (Fig. 6b)

even with similar k0 values (Table 1). The pristine PG

was about 20 lA/cm2 lower to the treated PG

(Fig. 6c). Also, the pristine and treated graphite rods

and GFA3 current densities (Figure S7a and S7b,

respectively) were of the same order. Thus, the trea-

ted materials were not more vulnerable to possible

degradation reactions than their pristine versions

such as water hydrolysis to protons (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 Eqs. 5 and 6).

2C þ O�
2 ! 2CO ð5Þ

2CO þ O�
2 ! 2CO2 ð6Þ

Figure 4 The electronic band structure of the pristine and treated

PG(K&J) and the extrapolation method for U. P*1 is the

vibrational density of states at the Brillouin zone (BZ).
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(a)

(b)

(d)

(c)

(e) (f)
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It was shown that both graphite groups have

essentially the same surface functional groups on air

exposure [32]. Even though optical imagery has lim-

ited resolution to discriminate between both graphite

sets, it is suggested that the treated graphite stability

is not essentially due to their surfaces. Rather, it is

suggested that increased graphitization accompanied

by increased crystallinity on thermal treatment is

responsible for the stability of the treated materials.

To quantify corrosion kinetics and deduce mecha-

nisms, 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 Fig. 7a–c, while graphite rod and

GFA3 are shown in Figure S8a and S8b, respectively.

Irrespective of the magnitude differences in k0

between the pristine and treated samples, their icorr
and Ecorr values were about the same (Table 1). The

treated graphite (Equalseal) shows an icorr value

about an order of magnitude lower than that of

untreated samples. On the other hand, the treated

GFA3 showed about an order of magnitude higher

icorr than its pristine sample counterparts. The

decrease in corrosion kinetics of the treated Equalseal

graphite is suggested to be from thermal treatment

induced decrease in the active site densities on their

surfaces [77, 84] and from higher degree of crys-

tallinity [77, 85].

The higher icorr of the treated GFA3 than that of

pristine samples could have been from fiber edge

exposure (Figure S3f), which are prone to oxidation

[77]. The potentiodynamic scans suggest similar cor-

rosion mechanisms for both graphite sets in 0.10 M

Na2SO4. These results can be explained by noting that

thermal treatment increases graphitization by caus-

ing increased crystallinity of graphitic materials

[32, 76, 77]. Graphitization does not change the fun-

damental oxidation mechanism but slows down the

carbon oxidation reaction [86]. 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 magni-

tude higher k0 relative to their equivalent pristine

samples. These results imply that the treatment cau-

ses ballistic and sustained electron transport without

changes in corrosion kinetics relative to the pristine

samples. Since potentiodynamic polarization and

bulk electrolysis are surface techniques, the actual

factor(s) that reflected on the surface chemistry of the

treated materials may be dictated mainly by struc-

ture-induced electronic features. Very similar VBM

values would account for similar interfacial proper-

ties such as corrosion kinetics, thermodynamics and

even mechanisms of the pristine and treated graphite.

Since there were no apparent differences in the cor-

rosion parameters of both graphite groups, the trea-

ted graphite step edges are not primarily responsible

for the facile HET kinetics of the treated graphite

basal planes [11, 34, 77, 86].

Electrochemical impedance spectroscopy (EIS) is

important for understanding the interfacial proper-

ties of electrode materials [87] and how this interfa-

cial property can affect the ability of material surfaces

to transfer and exchange charges with a solution

[88, 89]. The aim of this experiment was to under-

stand the graphite–solution interfaces: how the trea-

ted graphite could have such fast HET kinetics in

Fe(CN)6
3-/4- and show similar corrosion kinetics

and mechanisms in 0.10 M Na2SO4. To better

understand the graphite–aqueous interfacial reac-

tions, EIS of PG (K&J) in Na2SO4 was carried out as a

model for the other graphite. The OCP of the treated

graphite was 0.153 ± 0.05 V, while that of the pris-

tine was 0.101 ± 0.04 V. The results, from the pristine

and treated PG Nyquist plots (Fig. 8) and their cor-

responding equivalent circuit model (Fig. 8 inset),

suggest a constant phase element (CPE) character for

both electrode materials. Their corresponding Bode

plots are presented in Figure S9. The parameters

bFigure 5 Potential windows in 1 M H2SO4 of pristine and treated

a PG (Panasonic) and b graphite (Equalseal). a Inset (i) cyclic

voltammograms (CVs) for HET determination in 1 mM

Fe(CN)6
3-/4- (1 M KCl). (ii) Magnification of the anodic

region (1.35–2.0 V) of different intercalation stages. b Inset

(i) magnification of cathodic region of Equalseal to highlight

decreased cathodic limit of pristine to treated material and to

explain extrapolation method for the onset current at 200lA/cm2

for hydrogen evolution; (ii) CV for HET kinetics determination for

pristine and treated graphite. c Pristine and treated PG(K&J) in

H2SO4; inset CVs. d (i) Pristine and treated artificial graphite;

inset of anodic arm to highlight increased intercalation of treated

material at 200 lA/cm2 on-set current for oxygen evolution. (ii)

The CV of pristine and treated artificial graphite. e The potential

window CVs of pristine and treated graphite rod. Insets are their

CVs in Fe(CN)6
3-/4-. f The potential window CVs of pristine and

treated GFA3; inset CVs in Fe(CN)6
3-/4-. CVs for both potential

window and HET determination were run at v = 0.05 V/s.
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describing the interfacial properties from the equiv-

alent circuit model are shown in Table 2.

The charge transfer parameter or interfacial resis-

tance Rctð Þ of the treated PG is six orders of magni-

tude greater than the pristine, while the treated PG

capacitance parameter Y0ð Þ doubles over that of the

pristine. The capacitance increase agrees with earlier

reports for the treated graphite [32, 33]. The param-

eter a represents surface heterogeneity or continu-

ously distributed time constants. The surface

heterogeneity or the number of time constants

increases when a decreases from unity. An ideal

capacitor behavior is seen when a = 1. More or less

similar a value of the pristine and treated PG indi-

cates that the surface roughness was not significantly

affected by the treatment. Therefore, the difference in

impedance could be attributed to the inherent chan-

ges in the electronic properties after thermal treat-

ment and not to modification of the surface

morphology. To better understand the significant

increase in the Rct values of the treated graphite, the

EIS data were fitted with a two-time-constant equiv-

alent electrical circuit as shown in Figure S9c. The EIS

data of the treated graphite could be fitted with a

much lower v2 value (i.e., goodness of fit) than that of

pristine graphite using a two-time-constant circuit.

This indicated that thermal treatment of the PG

resulted in two steps of charge transfer, which could

not be clearly discerned by the Nyquist or Bode plots.

High edge-defect concentration resulted in lower

Rct of the pristine PG. After thermal treatment, the

(a) (b) (c)

Figure 6 Bulk electrolysis in 0.10 M Na2SO4 for 24 h at 1.6 V for pristine and treated a PG (K&J), b graphite (Equalseal) and c PG

(Panasonic).

(a) (b) (c)

Figure 7 Potentiodynamic studies in 0.10 M Na2SO4 for 24 h at 1.6 V for pristine and treated a PG (K&J), b graphite (Equalseal) and

c PG (Panasonic).

Figure 8 Nyquist plots of pristine and treated PG (K&J) in

0.10 M Na2SO4. Inset equivalent circuit diagram.
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defects are predominantly annihilated but lattice

ordering is improved, and specific surface area

increased as seen from the AFM image (see discus-

sion on AFM). Thus, the fast and sustained HET

kinetics of the treated graphite is not a simple func-

tion of interfacial charge transfers between the trea-

ted electrode surfaces and their electrolytes. Also, the

differences in Rct are a testament to the differences in

the structure and surface chemistry of both graphite

sets [88, 89], even though they appear optically

indistinguishable. Here, the high Rct indicates the real

corrosion resistance of the material. The thermally

treated PG revealed higher corrosion resistance than

that of pristine PG.

It appears that thermal treatment brought about

conformational excursions over an energy barrier to a

native state with correlated electronic structure

(Scheme 1). Strong electronic correlations with weak

r electron–electron repulsion or strong p electron–

electron interaction possess increased kinetic energy

via quantum mechanical tunneling of the electrons in

a crystal without the need for differences in interfa-

cial reactivity (i.e., VBM). This increased p- to r
attribute increases conduction [90] and decreases

corrosion [86, 91], as shown by our data (see Fig. 4).

In addition, charge delocalization along the crys-

talline sites (Scheme 1) is no longer susceptible to

surface bound oxides, methyl groups and electro-

static repulsion from Fe(CN)6
3-/4- [11, 32, 46], which

also increases electron tunneling probability. Thus,

enhanced electron tunneling (from the bulk to the

surface)—the fast step—results in corrosion resis-

tance of the thermally treated (structure-modified)

graphite while facilitating and maintaining fast HET

kinetics.

As a surface phenomenon, corrosion targets fea-

tures that aid faster HET kinetics and that are more

likely to contribute to and accelerate corrosion lead-

ing to material degradation [34]. However, the ther-

mally treated graphite surfaces are conduits for

electron transfer but are neither the originating sites

for, nor the facilitators of, electron transfer. Thus, the

structural and functional integrity of the treated

graphite is maintained irrespective of accelerated

HET kinetics.

Conclusion

In a general sense, thermal treatment resulted in fast

HET kinetics without compromising electrochemical,

thermal and corrosion stabilities of the treated gra-

phites. In some instances, these properties even

improved over the pristine graphite. Of the six gra-

phite samples, only GFA3 had lower k0 and higher

iCorr when treated, as ascribed to fiber inhomogeneity

during preparation. Heat treatment abolished the

level of anisotropy that is usually reported for gra-

phite such that the thermally treated PG graphene

layers are properly stacked. Thermal structural

changes tuned the electronic structure to enhance p

Table 2 Interfacial parameters

derived from the CPE

equivalent circuit model

Rct (X) Y0 (S.s
a) a v2

Pristine PG 4.64 ± 4.2 9 107 5.90 ± 4.0 9 10-6 0.951 ± 0.01 1.33 9 10-4

Treated PG 2.97 ± 3.93 9 1013 1.13 ± 0.93 9 10-5 0.936 ± 0.02 2.70 9 10-3

Scheme 1: A transverse depiction of the energy landscape for a

generic pristine graphite with disordered regions and sluggish

electron transfer kinetics represented by the quasi-reversible

nature of the cyclic voltammogram (CV) in 1 mM Fe(CN)6
3-/

4-. On heating at 650 �C in air for 25 min, 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 barrier is large, the energy

difference (DG) between both structures is small. This explains

how polycrystalline structures formed on cooling do not revert to

the pristine-like structure, thus ensuring sustained fast HET

kinetics for many weeks.
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over r traits without changes in potentials for inter-

facial reactivity. This suggests that enhanced electron

tunneling—via improved tunneling paths—is

responsible for the ballistic HET kinetics and corro-

sion resistance improvements.

These findings suggest that the reported thermal

treatment protocol would be suitable for graphite use

in fuel cells as catalysts and catalyst support systems.

Treated graphite samples with wide cathodic limits

of over -1.0 V are candidates for electrocatalytic CO2

reduction to liquid fuels. Thin, highly intercalating

graphite would be appropriate as anode materials in

batteries and other forms would serve effectively as

supercapacitors for energy storage and as sensors.

Other potential applications include catalysis, anodes

for electro-oxidative reactions and applications

where fast HET kinetics without material deteriora-

tion is a criterion.

Electronic supporting information

The Electronic Supporting Information is available

free of charge on the Springer Publications Web site

at DOI:
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grams for EIS and AFM images.
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