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Implications for Electron Transfer Models 
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* 

 

The electron transfer (ET) kinetics of three redox couples in aqueous solution, IrCl6
2-/3-, 

Ru(NH3)6
3+/2+ and Fe(CN)6

4-/3-, on different grades of highly oriented pyrolytic graphite 

(HOPG) have been investigated in a droplet-cell setup. This simple configuration allows 

measurements to be made on a very short time scale after cleavage of HOPG, so as to minimise 

possible effects from (atmospheric) contamination, and with minimal, if any, change to the 

HOPG surface. However, the droplet-cell geometry differs from more conventional 

electrochemical setups and is more prone to ohmic drop effects.  The magnitude of ohmic drop 

is elucidated by modelling the electric field in a typical droplet configuration. These 

simulations enable ohmic effects to be minimised practically by optimising the positions of the 

counter and reference electrodes in the droplet, and by using a concentration ratio of 

electrolyte to redox species that is higher than used conventionally. It is shown that the ET 

kinetics for all of the redox species studied herein is fast on all grades of HOPG and lower 

limits for ET rate constants are deduced. For IrCl6
2-/3- and Fe(CN)6

3-/4-, ET on HOPG is at least 

as fast as on Pt electrodes, and for Ru(NH3)6
3+/2+ ET kinetics on HOPG is comparable to Pt 

electrodes. Given the considerable difference in the density of electronic states (DOS) 

between graphite and metal electrodes, the results tend to suggest that the DOS of the 

electrode does not play an important role in the ET kinetics of these outer-sphere redox 

couples over the range of values encompassing HOPG and metals. This can be rationalised 

because the DOS of all of these different electrode materials is orders of magnitude larger 

than those of the redox species in solution, so that with strong electronic coupling between 

the redox couple and electrode (adabatic electron transfer) the electronic structure of the 

electrode becomes a relatively unimportant factor in the ET kinetics.    

 

 

Introduction 

 
There is considerable interest in the electrochemical properties of 

highly oriented pyrolytic graphite (HOPG), at least in part motivated 

by the close relation of graphite to carbon nanotubes (CNTs) and 

graphene.1 Understanding similarities and differences in the 

electrochemical behaviour of graphite, on the one hand, and 

graphene and CNTs, on the other hand, has great potential to enrich 

our understanding of electron transfer (ET) at sp2 carbon materials. 

Moreover, because of the much lower, and strongly potential-

dependent, density of electronic states (DOS) of sp2 carbon materials 

compared to metals,2-4 comparisons between ET kinetics at HOPG 

and metal electrodes are of significant value in understanding 

fundamental ET processes generally. Beyond intrinsic 

electrochemical  measurements of HOPG, this material has found 

considerable application as a conductive support (electrode material) 

in studies of electrodeposition,5-7 for the imaging of biomolecules,8 

including DNA,9-12 for surface modification,13-17 and for 

electrocatalysis.18-20 Given these various applications, it is of 

paramount importance to have a true understanding of ET at HOPG. 

        A host of literature2, 21-30 in the past 2 decades resulted in a 

dominant opinion that step edges were responsible for all, or nearly 

all, of the observed electrochemical activity of HOPG electrodes. 

For example, studies of Fe(CN)6
3-/4- found standard rate constant, k0, 

values at the basal plane ranging from nearly zero (k0 < 10-9 cm s-1)31 

to little activity (k0 < 10-6 cm s-1)22, 24. The hugely enhanced activity 

at step edges, considered to have a standard rate constant up to 107 

times higher than the basal surface,  was ascribed to the higher local 

density of electronic states (LDOS) at step edges24, 32 or to catalysis 

by specific functional groups33, 34 (even for outer-sphere redox 

couples). These ideas entered textbooks35, 36 and were extrapolated to 

explain the electrochemical activity of CNTs and graphene.37-39 As 

part of some of these studies, deliberate damage of the HOPG 

surface with laser activation22 or by mechanical means29, 30, was used 
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to introduce defects into the graphite crystal structure, and was 

reported to result in marked improvement in the kinetics. Yet, it 

should also be pointed out that these protocols would also serve to 

clean the HOPG surface, were it contaminated, or to remove poorly 

contacted graphite/graphene flakes that could be produced in the 

cleavage process. 

      In contrast to the above, recent research from our group14, 17, 40-45 

and other groups8, 46, 47 for both HOPG and high quality (low defect 

concentration) single walled carbon nanotubes (SWNTs)48-52 has 

shown that the basal surface of sp2 carbon materials can support fast 

ET, particularly for outer-sphere reactions. Notably, studies 

employing high resolution electrochemical imaging, such as 

scanning electrochemical cell microscopy (SECCM),53 a localised 

droplet-based technique, and combined scanning electrochemical 

microscopy-atomic force microscopy (SECM-AFM),54 allowed the 

investigation of the electrochemical behaviour of basal plane HOPG 

without any influence of step edges.8, 14, 40-42 The freshly cleaved 

basal plane was found to support fast ET kinetics (indistinguishable 

from diffusion-controlled), as exemplified by studies of Fe(CN)6
3-/4- 

41, 42 and Ru(NH3)6
3+/2+.8, 41, 42 Subsequent macroscopic 

measurements of several electrochemical processes on HOPG 

samples of wide-ranging quality highlighted that ET for outer-sphere 

and electron-proton coupled reactions is fast at the basal surface.17, 40, 

41, 43, 44, 55 

     The goal of the present study is to attempt to obtain (lower limit) 

kinetic values for several key outer-sphere redox processes at 

HOPG, and to elucidate whether there is any influence of step edge 

density. We do this by studying three different grades of HOPG, 

which have a step edge density that varies by more than 2 orders of 

magnitude. We employ cyclic voltammetry (CV) in a droplet-cell 

setup (Figure 1(a)). This configuration is particularly suitable due to 

its simplicity and because minimal manipulation or handling of the 

sample of interest is required. It is thus suitable for the study of 

materials such as HOPG22, 56, 57 and carbon nanotube networks.58, 59 

This approach contrasts to some other studies, where the HOPG was 

clamped in a cell to define the area of working electrode,31, 60 which 

may impose mechanical strain on the rather fragile layered sample, 

causing damage and structural changes, while also possibly 

introducing impurities into the solution.  

      A significant feature of the droplet-cell is that the droplet can be 

assembled on the working electrode within a short time (~ 3 s), after 

HOPG surface cleavage, followed by the rapid placement of counter 

and reference electrodes into the droplet. This allows 

electrochemical measurements to be carried out on a very short time 

scale, minimizing the time that elapses between cleavage and 

electrochemical measurement and reducing possible sources of 

contamination. We are particularly mindful of the fact that the fresh 

HOPG surface can be contaminated when exposed to the air 

(atmospheric contaminants),41, 61 although the effect (if any) and 

timescale of these on electrochemical processes is not known. The 

approach herein mitigates such problems in a straightforward and 

easy way. This is particularly advantageous for some couples, such 

as Fe(CN)6
4-/3-, which may be complicated by side processes in 

certain situations and susceptible to changes in the HOPG surface 

after cleavage.62 Although macroscopic CV measurements do not 

offer access to the highest electrode kinetics, the mass transport rates 

attainable (vide infra) are sufficient to draw meaningful conclusions 

on the lower limit for ET kinetics at HOPG and to allow comparison 

of data to that on other electrode materials. 

     It is also important to point out that the 3-electrode droplet-cell 

(Figure 1(a)) is rather different from more conventional 

electrochemical cells. One of the consequences of such an 

arrangement, as we show from the modelling developed in this work, 

is a greater possible effect of ohmic drop, which may have an 

important influence on the electrochemical response, especially if 

the concentration of supporting electrolyte is not sufficiently large 

compared to the concentration of the redox species. Modelling and 

test measurements allow us to identify conditions where ohmic 

effects can be minimized for subsequent kinetic analysis. 

 

Experimental section 
Materials and Chemicals                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

Hexaammineruthenium (III) chloride ((Ru(NH3)6Cl3; 99.00%) and 

potassium hexachloroiridate (IV) (K2IrCl6; 99.99%) were purchased 

from Strem Chemicals and Aldrich, respectively, while potassium 

hexacyanoferrate (II) trihydrate (K4Fe(CN)6·3H2O; 99.99%) and 

potassium chloride (KCl; 99%) were obtained from Sigma-Aldrich. 

These chemicals were used as received. All the solutions were 

freshly prepared using water purified with a Millipore Milli-Q 

system (resistivity 18.2 MΩ cm at 25 °C). 

 

Sample preparation 

SPI-3 and ZYB grade HOPG were purchased from SPI Supplies 

(West Chester, PA) and NT-MDT (Moscow, Russia), respectively. A 

high quality, but ungraded, HOPG sample was kindly provided by 

Prof. R. L. McCreery (University of Alberta, Canada), originating 

from Dr. Arthur Moore, Union Carbide (now GE Advanced 

Ceramics), and referred to as AM grade HOPG hereafter. Prior to 

each experiment, the HOPG sample used was cleaved with Scotch 

tape, by peeling back the top layers to reveal a clean, fresh surface, 

as used routinely.17, 21-24, 31, 41-44, 55 We have pointed out previously 

that for AM grade HOPG there is little difference between the 

apparent quality of HOPG surfaces cleaved mechanically and using 

Scotch tape, as judged by AFM and capacitance measurements.17, 41 

 

Electrochemistry 

Cyclic voltammetry was carried out in a three-electrode 

configuration using a 760C potentiostat (CH Instruments, Inc.), with 

the HOPG sample serving as the working electrode (WE), a 

platinum wire or gauze as the counter electrode (CE) and an AgCl-

coated Ag wire as the reference electrode (RE), respectively. Two 

types of reference electrodes were used, one was bare Ag wire (0.25 

mm diameter) coated with AgCl, and one an insulated (24 µm thick 

PTFE cladding) Ag wire (0.25 mm diameter, Goodfellow, UK) with 

the exposed end coated with AgCl. Each acted as an Ag/AgCl 

electrode (potential defined by the KCl concentration in the solution 

used). A droplet with a volume of 20 µL was placed on the HOPG 

surface within 3 s of cleavage, with the counter and reference 

electrodes then placed into the droplet as quickly as possible. The 

area of HOPG surface covered by the droplet varied very slightly 

from experiment to experiment but was typically 0.21 cm2. CV 

measurements started < 1 min from cleavage of the sample, usually 

at scan rates between 1 V s-1 and 10 V s-1. 

 

Atomic Force Microscopy (AFM) 

AFM images were obtained using an Environmental AFM 

(Enviroscope, Bruker) with Nanoscope IV controller, operated in 

tapping mode. 

 

Scanning Tunnelling Microscopy (STM) 

STM measurements were carried out in air using a Veeco STM 

(Nanoscope E controller). In order to minimise tip-sample 

interactions, STM scanning parameters were set to 0.5 nA for the 

tunneling current and 500 mV for the tunneling bias. All STM 

images were obtained using mechanically cut Pt-Ir tips.  

 

Theory and simulations 
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Comprehensive analyses of uncompensated resistance and practical 

measures to reduce it in conventional electrochemical cells have 

been presented in literature.63, 64 However, to the best of our 

knowledge, a droplet-cell configuration has not yet been studied in 

this respect. In order to estimate the effect of ohmic drop in a droplet 

electrochemical cell (Figure 1(a)), we modelled the distribution of 

the electric field by solving the Laplace equation numerically for the 

electric potential φ (eq. (1)), within the domain defined by the 

droplet size, with the boundary conditions defined by eq. (2) - (4):

  

 

  

 

 

 

 

 

 

 

where Δ is the Laplace operator in cylindrical coordinates, Vsol is the  

part of the overall potential difference applied between the CE and 

WE to carry the electrochemical current between the WE and CE, 

due to the WE reaction, and n is the unit vector normal to a surface 

(interface). The simulation was performed using the finite element 

method (FEM) modelling package Comsol Multiphysics 4.1 

(Comsol AB, Sweden). 

    The sizes of the droplet and CE employed were measured under 

an optical microscope and these dimensions were used in the 

simulations, but the depths of immersion of the CE and RE in the 

droplet-cell were more difficult to define and control precisely as 

they could vary in each experiment. To account for this, we 

considered several possible (relative) configurations of these 

electrodes that cover important experimental situations:  the RE is 

far away from or close to the CE (Figure 1(b), positions 1, 2 and 3). 

Ohmic loss of potential, which we denote by Vu, will be a fraction of 

Vsol determined by the position of the RE with respect to WE.63 

       We idealize the situation by assuming that the RE is 

dimensionless and thus samples the potential from a point (in the 

cell), and so does not perturb the electric field of the cell. Placing the 

CE so that it coincides with the cylindrical axis of the WE/cell 

geometry (Figure 1(a)), and rendering the RE dimensionless, 

significantly reduces computational effort by allowing the solution 

of the Laplace equation in cylindrical coordinates with axial 

symmetry (2-D geometry) and adequately represents the 

experimental situation.  

 

 
 
Figure 1. (a) Schematic of the droplet-cell setup: WE-working 

electrode; CE-counter electrode; RE-reference electrode. (b) 

Simulation of the electric potential distribution inside the droplet-cell 

(radius r = 0.26 cm and height h = 0.16 cm, volume = 20 μL). A 

point-size RE probe was placed at three different positions indicated 

with dots: r/2, h/2 (1); r/4, 3h/4 (2); r/8, 7h/8 (3), and the CE was 

immersed by h/20 (I) and h/4 (II). Distribution of equipotential 

surfaces is given for position II of the CE. Numbers around the 

domain indicate the fractions of Vsol. 

      As seen from Table 1, Vu can be significant and strongly depends 

on the relative position of the CE and RE in the cell. We considered 

two positions of the CE inside the droplet-cell – 1/20 (position I) and 

1/4 (position II) of the droplet height, measured from the top 

liquid/air boundary (Figure 1(b)). Values for Vu along with the 

corresponding uncompensated resistance, Ru, were estimated on the 

basis that the peak current, ip, on a CV recorded at 10 V s-1 amounts 

to ca. 120 μA  for a redox mediator concentration of 0.25 mM (vide 

infra). It was determined from the simulation that the magnitude of 

Vsol required to pass this current through the droplet-cell containing 

0.1 M KCl (σ(25°C) = 0.013 S cm-1)65 was 78 mV for the CE placed 

at position I and 43 mV for CE at position II. Then Ru is simply 

Vu/ip.  

     In general, as the RE is moved from position 1 to 3 (move away 

from the WE towards the CE), the ohmic loss increases significantly, 

for both CE positions considered, as expected based on the field 

lines shown in Figure 1(b). Interestingly, as evident from Table 1, 

when the CE is held at position I (further from the WE), the total cell 

resistance increases dramatically and, thus, a higher voltage between 

the CE and WE, Vsol, would be required to overcome it. However, Vu 

is smaller for all positions of the RE considered than for the CE at 

position II (closer to the WE). This is because the gradient of electric 

field is steepest close to the CE, and the CE-to-RE separation is 

always larger for CE position I than for CE position II. This 

overrides the effect of the increase in net cell resistance for CE 

position I. 

 

Table 1. Ohmic loss of potential and respective uncompensated 

resistance at different positions of CE and RE, for a current of 120 

µA passing through the cell geometry shown in Figure 1, with 0.1 M 

KCl. 

 

CE pos. 

 

RE 

pos. 

   

I 

Vsol = 78 mV 

II 

Vsol = 43 mV 

 
Vu / mV Ru / Ω Vu / mV Ru / Ω 

1 3 22 5 38 

2 9 73 15 125 

3 20 167 31 258 

 

     Thus, the RE should be kept as far away as possible from the CE 

but close to the WE. This is in agreement with the conventional 

electrochemical cell arrangement, which ensures that RE intercepts 

with equipotential lines corresponding very closely to the potential 

difference that actually drives an electrochemical reaction.63 In 

general, in contemporary studies in aqueous electrolyte solutions at 

typical cell current,66 the electrochemical response is relatively 

immune to the RE placement. However, it is particularly important 

for the droplet-cell arrangement where ohmic effects are clearly 

magnified.   

 

Experimental results 

 
Assessment of ohmic loss of potential  

We first carried out some test measurements to optimise the cell 

configuration, so as to both highlight, and minimise, ohmic effects, 

∆𝜑 = 0 (1) 

  

𝜑 = 𝑉𝑠𝑜𝑙, on the anode  (2) 

  

𝜑 = 0, on the cathode  (3) 

  

𝐧 grad 𝜑 = 0, on the air/water interface (4) 
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in light of the simulation results presented above. In Figure 2, a set 

of CVs of the electrochemical reduction of 0.25 mM Ru(NH3)6
3+ in 

0.1 M KCl is presented to expose the variability in the peak-to-peak 

separation (ΔEp)  that may result between different cell setups, where 

the CE and RE were simply placed into the droplet-cell. Although 

the general behaviour in the Figures 2(a) and 2(b) is similar, the 

peak-to-peak separation at 10 V s-1 differs quite significantly with 

values of 80 mV (Figure 2(a)) and 93 mV (Figure 2(b)), and both 

values are far from that for a reversible process (59 mV), which 
might have been expected in light of nanoscale measurements that 

report k0 ~ 9 cm s-1 for this couple on freshly cleaved HOPG.8 

Similar variability was also found with IrCl6
2-/3- under the same 

concentration conditions (see Supplementary Information, Figure 

S1). Furthermore, in studies of a range of concentrations of 

Ru(NH3)6
3+, i.e. 0.1, 0.25, 0.5, and 1 mM, in 0.1 M KCl, 

corresponding to a ratio between the concentration of supporting 

electrolyte and redox-active species of 1000, 400, 200 and 100, 

respectively, a significant increase in peak-to-peak separation with 

increase of redox-active mediator concentration was seen. Typical 

CVs are shown in Figure 3(a), in which ΔEp at 10 V s-1 increases 

from 64 mV to 170 mV as the concentration of mediator is increased 

from 0.1 mM to 1 mM. As with the data in Figure 2 and Figure S1, 

these would all, again, be regarded as reasonable concentrations of 

redox-active species and ratios of electrolyte to redox-active species 

concentration in conventional cells.67 However, as with the data in 

Figure 1 and Table 1, these results highlight the need to use rather 

extreme electrolyte to redox-active species concentrations in droplet-

cell kinetic measurements, and the importance of RE and CE 

placement. 

 

 

 
 

 

Figure 2. Cyclic voltammograms for the reduction of 0.25 mM 

Ru(NH3)6
3+  in  0.1 M KCl supporting electrolyte obtained on freshly 

cleaved AM grade HOPG in 2 different droplet-cells. Scan rates: 1 

(smallest current), 2, 3, 4, 5, 6, 7, 8, 9 and 10 (biggest current) V s-1. 

The ΔEp values indicated are the peak-to-peak separations at 10 V s-

1. 

 
 

Figure 3. (a) Cyclic voltammograms for the reduction of different 

concentrations of Ru(NH3)6
3+ in a supporting electrolyte of 0.1 M 

KCl, on freshly cleaved AM grade HOPG, at 10 V s-1; (b) Cyclic 

voltammograms of 0.25 mM Ru(NH3)6
3+ in supporting electrolyte of 

1 M or 0.1 M KCl on AM or SPI-3 HOPG, recorded at a scan rate of 

10 V s-1, with  ΔEp indicated. 

 

     In order to diminish the dependence of the voltammetric response 

on the cell configuration, a larger concentration of supporting 

electrolyte, 1 M KCl (instead of 0.1 M), was used for the kinetic 

measurements herein, since this increases the conductivity of the 

solution by approx. 9 times (σ(25°C) = 0.11 S cm-1).65 As evidenced 

by Figure 3(b), where 0.25 mM Ru(NH3)6
3+ is used, the  ΔEp, at a 

scan rate of 10 V s-1, is significantly decreased by increasing the 

concentration of KCl from 0.1 M to 1 M, due to the reduced Ru in 

the solution. In addition, the use of an insulated Ag/AgCl RE 

minimised the exposition of bare wire, avoiding short-circuiting in 

the cell and corruption of the current lines.64 In consideration of 

these issues, all the measurements from which we extracted k0 values 

were done under ‘optimised conditions’: a solution of 0.25 mM 

redox species ensured the cell current would be relatively small but 

readily measurable, and an insulated Ag/AgCl wire RE (exposed 
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only at the end) was put as close to the WE but as far away from the 

CE as possible, unless otherwise stated. Note that there was 

indistinguishable difference in the cyclic voltammograms when 

either platinum wire or gauze electrode was used, and thus a 

platinum wire was adopted as the CE throughout. 

 

Kinetic measurements 

 

Three different redox couples, Ru(NH3)6
3+/2+, IrCl6

2-/3-, and 

Fe(CN)6
3-/4-, were employed together with high and low quality 

HOPG samples (AM, ZYB and SPI-3). 

 

 
 
Figure 4. 4 × 4 µm AFM images of (a) AM, (b) ZYB and (c) SPI-3 

grade HOPG surfaces. Note the difference in height scales for (a), 

(b) and (c).  

 

      As evident from Figure 4, AM, ZYB, and SPI-3 grades of HOPG 

give surfaces with a wide range of distinct step edge density. AM 

HOPG is mainly covered by the basal plane surface with low step 

coverage (ca. 0.09 %),41 ZYB has more step edges (0.3-0.8 %),55 

while SPI-3 HOPG is covered by the most step edges (ca. 30 %).41, 

55, 68  

     Cyclic voltammetry was carried out at scan rates from 1 V s-1 to 

10 V s-1. Assuming D ~ 10-5 cm2 s-1, this corresponds to mass 

transport coefficients in the range of 0.0088-0.028 cm s-1 (based on 

the calculated current density from the Randles-Sevcik equation69). 

This is a reasonable range to at least make a comparison of the ET 

kinetics of HOPG to other materials, if the DOS of the electrode 

material were to be important.  

     Values of k0 were estimated from Nicholson’s method.70, 71 For a 

reduction process: Ox + ne-→Red, the following equation applies: 
/2

Ox
0 Ox

Red

D nF
k D

D RT




 

 
  
 

               (5) 

where ψ is a dimensionless kinetic parameter, determined by ΔEp on 

Nicholson’s working curve,70, 71 DOx and DRed are the diffusion 

coefficients for the oxidized and reduced forms of the redox species, 

respectively, v is the scan rate, α is the transfer coefficient and other 

parameters have their usual meanings.  

       We first consider IrCl6
2-/3-. We found ΔEp of 56 ± 1 mV (n = 3) 

at all scan rates up to 10 V s-1 on both AM and SPI-3 HOPG, 

respectively (with two example CVs at 10 V s-1 shown in Figure 5). 

This indicates that the process is reversible even at this scan rate. 

Considering that for a reversible reaction we can assign a minimum 

ψ > 20 (ΔEp < 61 mV), with D ≈ DOx ≈ DRed = 7.5 × 10-6 cm2 s-1,72 k0 

can be estimated to be > 1.9 cm s-1. This is at least as high as the k0 

measured for this mediator on Pt (1.9 cm s-1) by a radial flow 

microring electrode.72 

 

 
Figure 5. Cyclic voltammograms for the reduction of 0.25 mM 

IrCl6
2- on freshly cleaved (a) AM and (b) SPI-3 HOPG, respectively, 

with 1 M KCl as the supporting electrolyte, recorded at a scan rate of 

10 V s-1. The numbers indicated are the peak-to-peak separation 

values. 
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     In the case of Ru(NH3)6
3+  reduction, ΔEp changed from 61 ± 1 

mV for v = 1 V s-1 to 70 ± 1 mV for v = 10 V s-1 on AM HOPG 

(Figure 6(a)), with 5 replicates (separate runs on freshly cleaved 

HOPG) carried out, while the voltammograms at the ZYB surface 

(Figure 6(b)) had ΔEp of 68 ± 1 mV at 10 V s-1, with good 

reproducibility across different HOPG samples (see Supplementary 

Information, Figures S2 and S3). The dimensionless parameter, ψ, 

determined from ΔEp, shows a good linear trend with the reciprocal 

of the square root of the scan rate, v-1/2, as expected from eq. (5) and 

k0, calculated from the slope of the line fitted to experimental data at 

AM HOPG (Figure 7) as an example, using D = 8 × 10-6 cm2 s-1,73 

was 0.61 ± 0.02 cm s-1. In consideration of our analysis of ohmic 

effects on the droplet-cell, the small difference in the values of ΔEp
 

from the reversible limit, and other recent precautionary work on the 

danger of over-analysis of CV data close to this limit,66 we consider 

this to be a lower limit for k0 on HOPG.  

 

 
Figure 6. Cyclic voltammograms for the reduction of 0.25 mM 

Ru(NH3)6
3+  on freshly cleaved (a) AM and (b) ZYB HOPG, with 1 

M KCl as the supporting electrolyte. Scan rates: 1 (smallest current), 

2, 3, 4, 5, 6, 7, 8, 9 and 10 (biggest current) V s-1. The ΔEp values 

stated are the peak-to-peak separations at 10 V s-1. 

 
Figure 7. Plot of peak-to-peak separation, ΔEp, and kinetic 

parameter ψ versus the reciprocal of the square root of the scan rate 

(v-1/2) for a solution containing 0.25 mM Ru(NH3)6
3+, with a 

supporting electrolyte of 1 M KCl. The data shown here were 

obtained on freshly cleaved AM HOPG. 

     Voltammetry for the oxidation of Fe(CN)6
4-, studied on AM and 

SPI-3 grade HOPG, was very similar to the two couples discussed 

above (Figure 8 and Supplementary Information, Figures S4 and 

S5). The peak-to-peak separation at 10 V s-1 for Fe(CN)6
4- was 66 ± 

2 mV (n = 6) on AM and 65 ± 3 mV (n = 6) on SPI-3, respectively. 

These values are very close to reversible, indicative of fast ET on 

both surfaces. The lower limit for k0 for Fe(CN)6
4- oxidation 

obtained from the plot of Figure 9 is k0 > 0.46 ± 0.03 cm s-1. This is 

very close to (and, if anything, higher than) the value for Pt 

electrodes.72, 74-77 It should be noted that in this case, as a set of CVs 

were run within 3 min on a particular HOPG sample, no significant 

effect of surface history on the electrochemical behaviour was 

observed and reproducible CVs were recorded on all three grades of 

HOPG. 
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Figure 8. Typical cyclic voltammograms for the oxidation of 0.25 

mM Fe(CN)6
4- in 1 M KCl on freshly cleaved (a) AM and (b) SPI-3 

HOPG, respectively. Scan rates: 1 (smallest current), 2, 3, 4, 5, 6, 7, 

8, 9 and 10 (biggest current) V s-1. The numbers indicated are the 

peak-to-peak separations at 10 V s-1. 

 

 
Figure 9. Plot of peak-to-peak separation, ΔEp, and kinetic 

parameter ψ versus the reciprocal of the square root of the scan rate 

(v-1/2) for a solution containing 0.25 mM Fe(CN)6
4-, with a 

supporting electrolyte of 1 M KCl, respectively. The data shown 

here were obtained on freshly cleaved AM HOPG. 

 

Discussion 

 

As highlighted at the start of this paper, carbon materials are 

increasingly prominent as electrodes, in myriad applications, and a 

fundamental understanding of the origin of the ET activity is thus of 

great importance. Among carbon electrodes, the ultra-low activity of 

the basal surface of HOPG originated in arguments from McCreery’s 

group23, 24 that were widely adopted and amplified by other groups.2, 

78-80 One rationale for this view is that HOPG has a low DOS at the 

Fermi level, ca. 2.2 × 10-3 states atom-1 eV-1,3, 4 which is about two 

orders of magnitude lower than those on metals (e.g. 0.28 states 

atom-1 eV-1 for Au).81 That the DOS could be important in outer-

sphere ET processes at carbon electrodes relies on models mainly for 

semiconductors, for example, as developed by Gerischer82 and 

Doganadze and Levich.83 An important consideration is whether the 

DOS of an electrode is sufficiently low compared to the density of 

states of the solution species for the electrode kinetics for outer-

sphere redox processes to depend on the electronic structure of the 

electrode.69, 84 

     In this study, nearly identical electrochemical behaviour has been 

seen for all the redox couples, IrCl6
2-/3-, Ru(NH3)6

3+/2+, and Fe(CN)6
4-

/3-, on different grades of HOPG, with step edge density spanning 2 

orders of magnitude. We expect higher DOS for SPI-3 grade HOPG 

than AM grade, due to the enhanced DOS at zigzag edges,85-87 and 

so these data tend to suggest that the electronic structure of the 

HOPG electrodes does not influence the ET kinetics. However, it is 

important to point out that all the reactions are close to the reversible 

limit, making an unequivocal assignment difficult. 

      The observation that the redox reactions considered are 

effectively diffusion-controlled fast ET processes on HOPG, as 

discussed herein (see also Supplementary Information, Figure S6), is 

in line with microscopic and nanoscopic studies, which have shown 

that the basal surface has high electroactivity.8, 40-43, 46, 47  Even for 

the “problematic” couple,62, 88 Fe(CN)6
4-/3-, a rapid ET reaction has 

been seen on all HOPG surfaces for the CV timescale investigated, 

including high quality (low step edge density) AM HOPG, and the 

lower limit of k0 is > 105 times higher than the upper limit reported 

earlier for the basal surface.24 Indeed, significantly, the lower limit 

for k0 determined herein is of the same order as the value measured 

on Au and Pt (with no difference found between k0 on the two 

metals).1, 72, 89, 90  This is further evidence that these reactions are not 

influenced by the electronic structure of the electrodes and that these 

outer-sphere processes are adiabatic on these different electrodes. 

     Given the strong views in the literature that defects, originally 

focused on step edges,21, 22, 24, 25, 27, 28, 91 but recently extended to 

point defects,92 are the only sites for ET on HOPG even for outer-

sphere processes, we can further analyse our data in terms of a 

partially active surface model for charge transfer (schematic Figure 

10).93 In line with this older work, we assume that the basal plane is 

inert, with two types of active site, i.e. strips (step edges) and point 

defects. Widths of 1 nm and 5 nm were considered for the  active 

strips, with the lower value matching the region of enhanced DOS at 

zigzag step edge sites85 and the upper value based on STM data from 

McCreery,91 which is generous in light of STS data.85 The strip site 

densities (1 µm/µm2 or 2 µm/µm2) are higher than found on typical 

AM HOPG,41 to again exaggerate the influence of such features. The 

electronic disturbances associated with point defects are localised, 

even on graphite surfaces deliberately defected with hydrogen or 

argon plasmas.94, 95 It has been found that hydrogen-ion induced 

point defects give rise to an electronic disturbance over domains of 5 

nm radius.94 However, a diameter of ~ 3 Å was reported for argon-

ion induced point defects.95 In this study, we take the worst case (in 

terms of maximizing the possible impact of such defects) and assign 

the point defect to have a radius of 5 nm, while considering a point 

defect density of 0.1 or 10 µm-2 based on the lower and upper limits 

from STM measurements on cleaved HOPG.96-98 It should be noted 
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that such defects are rare and extremely difficult to find on cleaved 

HOPG surfaces, e.g. a recent STM study with more than 100 scans 

failed to find any point defects in the basal plane.99 Likewise, for the 

study herein, we also carried out STM measurements on AM grade 

HOPG, with > 100 images (each of 10 × 10 nm2) obtained in 

randomly selected areas. We could not find a single defect in any of 

the images (e.g. Figure 11).  

 

 

 

 
Figure 10. Schematic illustrating active site (defect) densities on an 

area of 1 µm2 at an HOPG surface (not to scale). Active sites 

(exaggerated size) are in brown and inactive areas are grey. (a)-(b) 

strip type only; (c)-(d) strip type plus point defect type. The strip 

width is either 1 or 5 nm, and the radius of point defects is 5 nm. The 

strip densities are higher than on typical AM HOPG. 

 

 
Figure 11.  Unfiltered STM atomic resolution image (10 × 10 nm2) 

of AM grade HOPG.  

 

 

     We take the data for Fe(CN)6
3-/4- on AM HOPG (k0  > 0.46 cm s-1) 

herein, as an example, as this has been the most used redox couple to 

show slow or no ET on the basal plane surface in previous studies.21, 

22, 24-28, 31, 91 For the situation where active sites on the surface are 

closely spaced compared to the diffusion field (concentration 

boundary) normal to the WE, which is reasonable for the analysis 

herein, we can write k0 = ks*f,93, 100 where ks is the standard ET rate 

constant at the defect and f is the active site fractional surface 

coverage. The ks values calculated for different active site 

arrangements are summarized in Table 2. It is found that if activity 

was confined to defects, the minimum ks values at graphite defects 

would have to be orders of magnitude higher than k0 on any metal 

electrode. Even for the most defective surface, with 2 strips (each 5 

nm wide) and 10 point defects in a 1 m2 area, ks is still > 2 orders 

of magnitude higher than measured at Au and Pt electrodes.72, 75, 90 

Thus, as we have pointed out,1, 14, 17, 40-45, 55 and as is clear from high 

resolution electrochemical imaging, the scenario of entirely defect-

 

 

Table 2. Predicted minimum heterogeneous rate constant of Fe(CN)6
3-/4- if the redox reaction were confined to defects, with different active 

site arrangements on an HOPG surface.a 

Active site 

arrangementb 
1 strip 2 strips 

1 strip + 0.1 point 

defects 

2 strips + 0.1 point 

defects 

1 strip + 10 point 

defects 

2 strips + 10 point 

defects 

Strip width 

(nm) 
1 5 1 5 1 5 1 5 1 5 1 5 

Active site 

coverage ƒ (%) 
0.1 0.5 0.2 1 0.100785 0.500785 0.200785 1.000785 0.1785 0.5785 0.2785 1.0785 

Expected 

minimum ET 

rate constant at 

active site, ks 

(cm s-1) 

460 92 230 46 456 92 229 46 258 80 165 43 

a The area considered is 1µm2.  b The point defect density on HOPG is 0.1-10 µm-2, adapted from ref 96-98. 
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driven activity does not stand up to scrutiny.  

There is some prior work on the relative unimportance of the DOS 

in controlling the ET kinetics of outer-sphere redox processes at 

electrodes. Thus, it was found that on nine different metal electrodes 

the k0 for Ru(NH3)6
3+/2+ (in the range of 0.67 – 1.29 cm s-1) was not 

proportional to DOS (that varied by one order of magnitude across 

the different metals studied).89, 90, 101, 102 The studies herein extend 

the DOS of the electrode to lower values (by one-two orders of 

magnitude compared to the metal electrodes) and yet the reported k0 

values for HOPG are at least as large as those on the metals.89, 90, 101, 

102 We further note that the kinetics for FcCH2OH and Ru(NH3)6
3+ in 

aqueous solution on Au and Pt nanoelectrodes was studied using 

scanning electrochemical microscopy (SECM).103 The k0 for 

FcCH2OH oxidation in aqueous solution on Au (8 ± 1 cm s-1) was 

very close to that on Pt (6.8 ± 0.7 cm s-1), while the DOS on Pt is ~ 

7.5 times that of Au.104 Although argued otherwise,105 this would 

reasonably indicate that the overall DOS had no direct effect on the 

ET kinetics and the reaction was adiabatic. For Ru(NH3)6
3+/2+ on Au 

and Pt, k0 was considered to be statistically higher on Pt (17.0 ± 0.9 

cm s-1) than on Au (13.5 ± 2 cm s-1).103 However, it should be 

pointed out that although SECM with nanoelectrodes provides much 

higher mass transport than other techniques,101 enabling the 

measurement of ultra-fast electrode kinetics, such measurements 

require great care, as nanoelectrodes may be damaged easily by 

electrostatic discharge and electrochemical etching.106 This type of 

damage is not necessarily manifest in the SECM or the steady-state 

voltammetric response. Thus, without safeguards, and thorough 

characterisation of the SECM tip by complementary microscopy 

techniques like scanning electron microscopy or AFM, there is a 

danger that erroneous conclusions may be drawn from experimental 

data obtained with nanoelectrodes.  

Although it was suggested that the higher k0 for Ru(NH3)6
3+/2+ on 

Pt compared to macroscopic electrodes could be due to diffuse 

double layer (Frumkin) effects, which may be more pronounced on 

nanoscale electrodes,78 it is interesting to note that the highest 

reported k0 values for Ru(NH3)6
3+/2+ on distinctly different electrodes 

are – in fact - rather similar, e.g. 10 ± 5 cm s-1 on metallic single 

walled carbon nanotubes,49 9 cm s-1 on the basal surface of HOPG 

(free from defects),8 9 – 10 cm s-1 on reduced graphene oxide,78 13.5 

± 2 cm s-1 on Au and 17.0 ± 0.9 cm s-1 on Pt.103 This similarity in 

values is especially striking in view of the large difference in DOS, 

electronic structure and the different electrode configurations studied 

experimentally. Likewise, there is now strong evidence that k0 for 

Fe(CN)6
3-/4- is rather similar on very different electrodes, in the range 

of 0.3 – 0.5 cm s-1 on Pt,72, 89 0.2 – 0.4 cm s-1 on Au89, 107 and 0.7 – 

1.0 cm s-1 on reduced graphene oxide78 and > 0.46 cm s-1 on HOPG 

(data herein). 

In summary, our data suggest that the kinetics of the 3 redox 

couples studied herein are broadly comparable on HOPG and metal 

electrodes that have a much higher DOS. That the DOS is 

unimportant in determining the ET kinetics of outer-sphere redox 

processes is reasonable if there is strong electronic coupling of the 

redox species to the electrode and the DOS of the electrode material 

is orders of magnitude higher than that of the redox species.69, 84 For 

the experimental conditions of this study (which are not uncommon), 

one can estimate that the DOS of Ru(NH3)6
3+/2+ in the solution is of 

order of 1014 states eV-1 cm-3, whereas that of HOPG at the potential 

of zero charge (close to the potential of the Ru(NH3)6
3+/2+ couple) is 

of the order of 1020 states eV-1 cm-3.3 The DOS of the redox species 

in solution is the sum of DOS due to Ox and Red molecules and is a 

function of energy ε as given by108 

 

Dredox(ε) = COxWOx(ε) + CRedWRed(ε)   (6) 

 

where Ci is the concentration of species i of the redox couple (Ox or 

Red), and Wi is the probability density of the electronic states in 

solution defined by eq. (7) for the Red and by eq. (8) for the Ox 

forms: 

 

2

Red Red Red

Red

1
( ) exp[ ( ) / 4 ]

4
W kT

kT
   


     (7) 

2

Ox Ox Ox

Ox

1
( ) exp[ ( ) / 4 ]

4
W kT

kT
   


     (8) 

Here, λi is the reorganization energy for Red or Ox, and εi is the most 

probable energy level of the solution states that is related to the 

standard Fermi level of redox species, 
0

F(RedOx) , via eq. (9) for the 

Red form and eq. (10) for the Ox form:  
0

Red F(RedOx) Red            (9) 

 
0

Ox F(RedOx) Ox             (10) 

In turn, the standard Fermi level of redox couple is simply an 

“energy equivalent” of the standard redox potential, E0: 

  
0 0

F(RedOx) eE                             (11) 

The other symbols in eq. (8) are the Boltzmann constant, k, and 

absolute temperature, T.  

For Ru(NH3)6
3+/2+, the Red and Ox forms are similar and so we 

may reasonably write λRed = λOx = 0.82 eV.109 Considering the case 

of equal concentrations COx = CRed ≈ 5 × 10-7 mol cm-3 for the sake 

of simplicity (and ignoring possible double layer effects on near 

interface concentrations, which is reasonable for this orders of 

magnitude calculation), one finds that Dredox  1014 states eV-1 cm-3 

in the region around E0 of Ru(NH3)6
3+/2+ as was given above.  

 

Conclusions 

 
The ET kinetics of three benchmark redox couples, IrCl6

2-/3-, 

Ru(NH3)6
3+/2+ and Fe(CN)6

3-/4-, have been investigated in a droplet-

cell assembled on freshly cleaved HOPG (within 3 s of cleavage), of 

different grades, with step edge density spanning up to 2 orders of 

magnitude. The processes are fast and close to reversible on all 

surfaces, even at a scan rate of 10 V s-1. We have been able to extract 

a lower limit for the ET rate constants, taking account of ohmic 

resistance relevant to the droplet-cell experimental arrangement and 

identifying means of minimising its influence. This was achieved by 

modelling the electric field in the droplet-cell and optimising 

experimental conditions as a consequence.  

     For IrCl6
2-/3- and Fe(CN)6

3-/4-, we have shown clearly that k0 at 

HOPG, even of the very highest quality (lowest defect density), is at 

least as high as on Pt (or Au) electrodes. For Ru(NH3)6
3+/2+, our 

lower limit for k0 (0.61 cm s-1) is in the ballpark as on a range of 

macroscopic metal electrodes.90, 101, 102 These data indicate that 

although HOPG has a much lower DOS at the Fermi level than metal 

(Pt, Au) electrodes, the electronic coupling between HOPG 

electrodes and these redox couples is sufficiently strong for the 

electrode kinetics to be at least as fast. Of course, while broadly 

similar standard rate constants for these redox couples are seen at the 

wide range of electrode materials discussed, indicating that they can 

be classified as essentially adiabatic rather than non-adiabatic,110 it is 

important to point out that these definitions represent limiting 

situations and subtle secondary phenomena may also impact, such as 

double layer effects, and the nature of the metal and electrolyte on 

the Helmholtz layer (ions and solvent). Thus, while we have found 

conclusively that the ET kinetics for several outer-sphere processes 

are at least as fast at HOPG as on metal electrodes, intriguingly, we 

cannot rule out that in some cases the reactions could actually be 
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faster at HOPG, bearing in mind the secondary factors mentioned, 

and the different aqueous (and double layer) structures at 

hydrophobic HOPG compared to metals such as Pt. Along with our 

other recent work, outlined herein and elsewhere,1 the studies herein 

develop the new perspective for the high activity of the HOPG basal 

surface for simple outer-sphere and other redox processes. For 

related sp2 carbon materials, particularly (monolayer) graphene, 

where the DOS is much lower (and theoretically zero at the Fermi 

level), an interesting issue to be explored is whether the electronic 

structure impacts on the ET kinetics for these outer-sphere redox 

couples.  
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