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ABSTRACT: 

Scanning electrochemical microscopy (SECM) is a powerful tool that enables quantitative 

measurements of fast electron transfer (ET) kinetics when coupled with modeling predictions 

from finite-element simulations. However, the advent of nanoscale and nanogap electrode 

geometries that have an intrinsically high surface area-to-solution volume ratio realizes the need 

for more rigorous data analysis procedures, as surface effects such as adsorption may play an 

important role. The oxidation of ferrocenylmethyl trimethylammonium (FcTMA+) at highly 

oriented pyrolytic graphite (HOPG) is used as a model system to demonstrate the effects of 

reversible reactant adsorption on the SECM response. Furthermore, the adsorption of FcTMA2+ 

species onto glass, which is often used to encapsulate ultramicroelectrodes employed in SECM, 

is also found to be important and affects the voltammetric tip response in a nanogap geometry. If 

a researcher is unaware of such effects (which may not be readily apparent in slow to moderate 

scan voltammetry) and analyzes SECM data assuming simple ET kinetics at the substrate and an 

inert insulator support around the tip, the result is the incorrect assignment of tip-substrate 

heights, kinetics and thermodynamic parameters. Thus, SECM kinetic measurements, 

particularly in a nanogap configuration where the ET kinetics are often very fast (only just 

distinguishable from reversible), require that such effects are fully characterized. This is possible 

by expanding the number of experimental variables, including the voltammetric scan rate and 

concentration of redox species, among others.  
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A long-term interest in electrochemistry has been the measurement of increasingly fast electron 

transfer (ET) kinetics at electrode/electrolyte interfaces to gain deeper fundamental 

understanding of heterogeneous interfacial ET.1–3 Although considerable insight on interfacial 

ET can be gained from immobilized redox systems,4–8 the overwhelming majority of studies deal 

with soluble redox species, which have to diffuse to and from the electrode. An important aspect 

to the study of fast ET kinetics in such systems is the need for high mass transport rates, so that 

this does not completely limit the current.9–12 The introduction of ultramicroelectrode (UME) 

techniques from the 1980’s onwards has offered many advantages including reduced ohmic 

effects, fast response times and high mass transport rates under both steady-state and transient 

conditions.13,14 Hydrodynamic UMEs10,11,15,16 and, particularly, the development of scanning 

electrochemical microscopy (SECM)9,12,17,18 provide even higher mass transport rates under 

steady-state conditions.  

In SECM ET kinetic measurements, a UME is positioned near a second (substrate) 

working electrode and both electrodes are biased externally to investigate the potential-

dependent ET kinetics at one of the two electrode/electrolyte interfaces. High mass transport 

conditions prevail due to the shuttling of the oxidized and reduced forms of the redox couple 

between the two electrodes. With diffusion-limited redox shuttling (diffusion coefficient, D), the 

steady-state mass transport coefficient, kt, becomes a function of tip-substrate separation, d (kt ~ 

D / d),19 so that high mass transport rates are obtained by decreasing the UME size and tip-

substrate distances. This has fueled the trend of miniaturizing electrochemical systems, leading 

to the development of nanoelectrodes20–26 and various nanogap systems.27–33   

When using nanoscale electrochemical systems for quantitative kinetic measurements, 

precise knowledge of electrode geometry and the physicochemical characteristics of 
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electrochemical cells is imperative. For example, unaccounted for irregularities in the electrode 

shape from idealized models,34 tip recession35–37 or ‘lagooned’ geometries38,39 may produce 

highly erroneous determination (overestimation) of ET kinetic parameters.40 Significant efforts 

have thus aimed at developing easy and reproducible electrode preparation procedures and better 

means of geometric characterization.35,39,41–43 In this context, well-defined nanostructures such as 

graphene oxide flakes,20 carbon nanotubes23–26,44 and nanowires25,44 are attractive in that the 

geometry of the electrodes, as used, can often be characterized by techniques such as atomic 

force microscopy, and related methods. Beyond the precise geometric characterization of 

nanoscale electrodes, an intrinsic property of nanogap electrochemical cells is the very high 

surface area-to-solution volume ratio within (semi-) confined geometries. In this situation, even 

the weak adsorption of redox-active species may have a profound impact on the electrochemical 

response.  

The significance of adsorption has been reported by Lemay et. al. using lithographically-

fabricated nanometer wide thin-layer electrochemical cells (TLCs). In this configuration, two 

planar electrodes (electron-beam evaporated metal thin-films) are used to create high surface 

area-to-solution volume ratio nanogap electrochemical cells and electrochemical correlation 

spectroscopy used to investigate the redox cycling of small populations of molecules. It has been 

found that simple outer-sphere redox molecules such as [Ru(NH3)6]3+ and 1,1-ferrocene 

dimethanol adsorb at Pt electrodes, and play a role in limiting electrochemical response 

times,30,46 dominate noise properties47 and at low solute concentrations, decrease current 

fluctuations48,49 in these cells. Indeed, early TLC studies considered the effect of redox 

adsorption on electrode materials in dual electrode cells with gaps on the ~ µm to ~ 10 µm 

scale.50–52 A significant difference between TLCs and SECM is that TLC studies never consider 
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the insulator that encapsulates the electrode and are limited to redox cycling experiments. A 

significant advantage of SECM, particularly substrate voltammetry SECM which we consider 

herein, is the versatility to determine thermodynamic and kinetic properties at a plethora of 

electrode materials that would be difficult to fabricate into the TLC configuration such as 

graphene,53 HOPG28 and carbon nanotubes.44 

In this paper, we show how adsorption can greatly affect SECM voltammetric 

experiments, as well as highlighting how SECM can be used to reveal and quantify adsorption in 

electrochemical systems, building on earlier SECM adsorption studies in other situations.19 The 

focus is ferrocenylmethyl trimethylammonium, FcTMA+
, which undergoes an apparently simple 

one-electron oxidation, and has been used to study a wide range of electrode materials as an 

example of a fast outer-sphere redox couple.28,32 However, it has also been demonstrated that 

ferrocene and its derivatives can adsorb onto electrode surfaces.30,48,49,54,55 The substrate 

voltammetry configuration of SECM27,28 is used to probe the adsorption and electrochemistry of 

FcTMA+ at highly oriented pyrolytic graphite (HOPG) electrodes, a system that has received 

recent attention as one with apparently ultrafast kinetics.28 The unequal diffusivities of FcTMA+ 

and its oxidized form, FcTMA2+, are carefully considered as this significantly affects the steady-

state limiting current magnitudes measured in SECM56,57 and nanogap configurations.27,29 Lastly, 

we apply our findings to typical nanoscale SECM geometries and discuss the impact of electrode 

and glass adsorption on the SECM voltammetric response and the effect on kinetic and 

thermodynamic parameters deduced from such measurements.  
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THEORY AND SIMULATIONS 

COMSOL Multiphysics 4.4 (COMSOL, AB, Sweden) finite-element method modeling was used 

to solve the time-dependent mass transport problem in a 2D-axisymmetric cylindrical SECM 

geometry (Figure 1 (a)). The following diffusion equation applies throughout: 

2 2

2 2

1i i i i
i

c c c c
D

t r r r z

    
   

    
   (1) 

where ci and Di represent the concentration and diffusion coefficient of the redox species, i, 

(FcTMA+ or FcTMA2+), and r and z are the radial distance from the center and the normal 

distance to the electrode, respectively. 

The following redox process is considered at the HOPG substrate electrode: 

2

soln soln

ox,HOPG

red,HOPG
FcTMA FcTMA + e

k

k
  

 (2) 

where kox,HOPG and kred,HOPG are the first-order heterogeneous oxidation and reduction rate 

constants given by the Butler-Volmer relationship: 

 0

ox,HOPG HOPG HOPGexp 1k k f      (3) 

 0

red,HOPG HOPG HOPGexpk k f    (4) 

where k0
HOPG is the standard rate constant for the FcTMA+/2+ process at the HOPG substrate, α is 

the transfer coefficient (assumed reasonably to be 0.5)  and 
F

f
RT

  is a collection of constants 

where F is the Faraday constant, R is the universal gas constant and T is the absolute 
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temperature. HOPG = EHOPG(t) – E0`, is the overpotential; EHOPG is the potential applied to the 

HOPG substrate electrode and E0` is the formal potential of the redox couple.  

The adsorption of FcTMA+ on HOPG is assumed to be reversible:   

soln ads

ads,HOPG

des,HOPG

FcTMA FcTMA
k

k

      (5) 

where kads,HOPG and kdes,HOPG
 are the adsorption and desorption rate constants, respectively, such 

that the equilibrium adsorption constant is: 

ads,HOPG

ads,HOPG

des,HOPG

k
K

k
       (6) 

The flux of FcTMA+ at the HOPG/electrolyte interface (Figure 1 (a), label 1 (a)) depends on the 

ET process and adsorption: 

2

0

HOPG HOPG
ox,HOPG red,HOPGFcTMA ,HOPG FcTMA FcTMA

- . k c k c
t


  

 
   


n N      (7) 

FcTMA2+ does not adsorb appreciably at the HOPG electrode (vide infra) and so only the ET 

kinetics are important:  

2 2ox,HOPG red,HOPGFcTMA ,HOPG FcTMA FcTMA
- . k c k c   n N       (8) 

where n is the unit normal vector to the substrate surface, while 
FcTMA ,HOPGN and 2FcTMA ,HOPGN

represent the flux of the reduced and oxidized species to the substrate electrode surface. θHOPG is 

the fraction of occupied adsorption sites on the HOPG surface and Γ0
HOPG is the monolayer 

surface concentration of FcTMA+ (5 × 10-10 mol cm-2 ).54  
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The amount of FcTMA+ adsorbed is assumed to follow a Langmuir isotherm: 

ads,HOPG FcTMA
HOPG

ads,HOPG FcTMA
1

K c

K c









   (9)  

The following redox process is considered at the UME tip surface: 

2

soln soln

ox,UME

red,UME

FcTMA FcTMA + e
k

k

  
 (10) 

The following Butler-Volmer relationship is applied: 

 0

ox,UME UME UMEexp 1k k f      (11) 

 0

red,UME UME UMEexpk k f     (12) 

where k0
UME is the standard rate constant for ET at the Pt UME, set high to ensure reversibility 

(25 cm s-1).22 UME = EUME – E0`, EUME >> E0`
 in the competition mode and EUME << E0`

 in the 

SG/TC mode, with EUME fixed to drive the reaction of interest. 

For t > 0, the redox flux at the Pt UME tip surface (Figure 1 (a), label 1 (b)) is defined by: 

22 ox redFcTMA FcTMA FcTMA,UME ,UME,UME FcTMA ,UME
- . . k c k c     n N n N  (13) 

Other boundary conditions are shown in Figure 1 (a), where insulating surfaces (label 2) are 

described by 2
FcTMA FcTMA

. . 0  n N n N= , the bulk solution boundary (label 3) is given by 

0

FcTMA FcTMA
c c   and  2FcTMA

 0c    and label 4 represents the axis of symmetry.  

The substrate and tip current were calculated from: 
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 
HOPG

2HOPG ox,HOPG red,HOPGFcTMA FcTMA

0

2

a

i F k c k c rdr          (14) 

 
UME

2UME ox,UME red,UMEFcTMA FcTMA

0

2

a

i F k c k c rdr                                  (15) 

Typically, 100,000 triangular mesh elements were in each simulation with the greatest mesh 

resolution at the electrode boundaries and edges where the concentration gradient is steepest.58  

EXPERIMENTAL SECTION 

Chemicals 

Ferrocenylmethyl trimethylammonium hexafluorophosphate, [FcTMA+][PF6
-] was synthesized 

in-house via an exchange reaction of FcTMA+I- (Strem Chemicals, Ltd.) with AgPF6 (Strem 

Chemicals, Ltd.). KCl (99 %) was purchased from Sigma-Aldrich and used without further 

purification. All solutions were prepared using high purity water (Millipore Corp. purification 

system), with a resistivity ca. 18.2 MΩ cm at 25 oC. 1 M KCl was added as the supporting 

electrolyte in all solutions. 

Electrode Materials 

A Pt disk macroelectrode (radius, aPt = 0.1 cm) was obtained from CH Instruments, Inc. A Pt 

disk UME was fabricated in-house using an established procedure,59 involving heat sealing of a 

12.5 µm-radius microwire (Goodfellow, UK) in a borosilicate glass capillary under vacuum. The 

microwire was connected with solder to a larger copper wire inserted into the capillary.59 The 

end of the UME was polished flat and conically polished to obtain an RG value - ratio of the 

radius of the insulating glass sheath to that of the active electrode - of ca. 10. Prior to use, the 

UME was polished with an alumina slurry (0.05 µm) on a soft microfiber polishing pad 
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(MicroCloth, Buehler Ltd.) and then on a clean wet microfiber pad, to produce the finished 

electrode surface. ZYA grade HOPG was acquired from GE Advanced Ceramics, USA. The 

HOPG sample was placed on a silicon wafer, coated with chromium (2 nm) and gold (60 nm) 

using Acheson Electrodag (Agar Scientific, 1415M). An external electrical contact was created 

by lowering a metal pin onto the exposed gold surface using a micropositioner. Fresh HOPG 

basal surfaces were prepared by gently pressing down Scotch tape on to the sample and pulling-

off the top layers, as reported extensively in the literature.33,60–63  

Cyclic Voltammetry and SECM Instrumentation 

Cyclic voltammetry (CV) was carried out for the oxidation of 0.4 mM FcTMA+ (1 M KCl) in 

aqueous solution in a 3-electrode configuration using a CHI 760C potentiostat (CH Instruments, 

Inc.) where an HOPG substrate, a Pt wire and a AgCl-coated Ag wire were used as a working, 

counter and reference electrodes, respectively. The reference electrode was thus Ag/AgCl (1 M 

KCl). A 20 µL droplet of electrolyte solution was placed on the HOPG surface (area of ca. 0.165 

cm2) with the counter and reference electrode placed into the droplet.63 An advantage of this 

electrochemical cell is that it can be assembled and used within seconds of sample cleavage,63 

minimizing surface contamination.  

Intermittent-contact (IC)-SECM setup was used for substrate voltammetry SECM 

measurements.64,65 Salient details of tip positioning are given in Supporting Information (SI) 

Section S-1. A 4-electrode SECM configuration was adopted with the Pt UME tip and HOPG 

substrate as the working electrodes, and the same counter and reference electrodes as mentioned 

above. For this purpose a CHI 760C bipotentiostat was used. Scan rates applied to the HOPG 

substrate ranged from 0.05 to 10 V s-1. Potentials applied to the UME tip were either 0.8 V (to 

detect FcTMA+ by diffusion-limited oxidation) or 0.1 V (to detect FcTMA2+ by diffusion-limited 
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reduction) for the competition (shielding) mode or SG/TC mode, respectively. A droplet 

configuration was also used in this case and all measurements were made within 10 minutes of 

HOPG cleavage and droplet placement, such that evaporation of water from the electrolyte 

solution was negligible.  

RESULTS AND DISCUSSION 

Adsorption of FcTMA+ on HOPG electrodes 

Macroscopic CVs for the oxidation of FcTMA+ (0.4 mM in 1 M KCl) at HOPG in the droplet 

configuration63 gave half-wave potentials, E1/2,app at 0.38 V (vs. Ag/AgCl 1 M KCl) (Figure 2 

(a)). The ΔEp values decreased monotonically from 51 mV at 0.05 V s-1 to 40 mV at 10 V s-1 (see 

SI, Section S-2, Figure S-1 (a)). These values are smaller than 57 mV, expected for purely 

diffusion-controlled voltammograms at 25 0C, and seen for CVs for the oxidation of FcTMA+ 

(0.4 mM in 1 M KCl) at a macroscopic Pt electrode (Figure 2 (b)). Note the low background 

current for the voltammetry at HOPG compared to Pt due to the much lower capacitance of the 

HOPG/aqueous interface.60 With further information presented below, these characteristics are 

indicative of a diffusional redox system that is complicated by ET from weakly adsorbed species.  

The peak currents of the forward potential scan were larger than those of the reverse 

potential scan with the difference increasing with scan rate (see SI, Section S-2, Figure S-1 (b)). 

However, at low scan rates (< 1 V s-1), the ratio of forward to reverse peaks tends to 1 and ΔEp 

only differs a small amount from the purely diffusional response (see above)Without running a 

wide range of scan rates, and focusing on relatively slow scan speeds, one could mistake this 

process for one that only involves diffusion (no adsorption),28 especially as electrode placement 

and supporting electrolyte concentration may be critical in determining ΔEp in small volume 
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(droplet) electrochemical cells.63 Comparison of experimental to computed diffusional waves 

(using precise diffusion coefficients) showed that the experimental currents exceeded the 

simulated ones (see SI, Section S-2, Figure S-1 (c)), whereas the reverse scan voltammetry fitted 

quite well. Thus, while FcTMA+ adsorbs at the HOPG electrode, FcTMA2+ that is produced does 

not adsorb appreciably and a significant proportion of FcTMA2+produced by the oxidation of 

adsorbed FcTMA+, diffuses away from the electrode on this timescale. 

This type of behavior has previously been reported for ferrocene and its derivatives on 

other electrode materials such as platinum30 and glassy carbon,54 but not recognized on HOPG.28 

As we show further herein, it is essential to acknowledge FcTMA+ adsorption if one is to achieve 

accurate kinetic analysis. Examination of the macroscale droplet CVs, and the excess charge 

compared to a diffusional process,55 allows us to estimate the FcTMA+ surface coverage at the 

beginning of the experiment to be ca. 0.9 × 10-10 mol cm-2 (18 %) for a bulk concentration of 0.4 

mM FcTMA+ (1 M KCl). For the purpose of the analysis herein, this is a reasonable estimate; a 

more accurate value results from SECM measurements (see below).  

Substrate voltammetry SECM was employed for a quantitative analysis of the amount of 

FcTMA+ adsorbed onto the HOPG surface. In this work, 0.4 mM FcTMA+ (1 M KCl) was used 

throughout. The UME tip (radius, aUME = 12.5 µm) was positioned at a fixed distance from the 

HOPG substrate surface and EHOPG was scanned from 0.1 to 0.8 V (50 mV s-1) to oxidize 

FcTMA+ to FcTMA2+. At EUME = 0.8 V, the UME tip gives the positive feedback response 

(EHOPG = 0.1 V). As the substrate potential is positively scanned, the UME tip competes with the 

substrate to oxidize FcTMA+ and this is known as competition mode. In the substrate 

generation/tip collection (SG/TC) mode (EUME = 0.1 V), the tip current rises from zero as the 

UME tip collects FcTMA2+ produced at the HOPG substrate electrode during the voltammetric 
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sweep (Figure 1 (b)). Hence, a pair of competition and SG/TC voltammograms at the same tip 

position can be taken at a set of tip-substrate separations to change the inter-electrode mass 

transport rate and effective surface area-to-solution volume ratio, and thus the sensitivity of the 

system to adsorption compared to diffusion.  

Figure 3 (a (i) and (ii)) shows four pairs of competition and SG/TC voltammograms (each 

pair measured at the same tip-substrate distance is shown in the same color) taken at different 

tip-substrate heights, d = 2.58, 3.71, 4.59 and 5.98 µm (determined from positive feedback 

limiting current at the beginning of the competition mode scan (discussed later)). Note that the 

substrate voltammograms were close to those seen without a tip present (see above). The tip 

currents were normalized with respect to the steady-state diffusion-limited tip current for the 

oxidation of FcTMA+ in the bulk solution. Noticeably, the tip current measured in the 

competition mode was always smaller than its SG/TC counterpart and, in both configurations, 

voltammograms deviate significantly from those expected for the adsorption-free voltammetric 

response (see SI, Section S-3, Figure S-2 (b)). This was especially noticeable for the SG/TC 

mode.  

Simulated voltammograms considering FcTMA+ adsorption onto the HOPG substrate 

electrode are shown in Figure 3 (b). The simulation parameters were as follows: k0
UME = 25 cm s-

1 (reversible), k0
HOPG

 = 10 cm s-1 (reversible), α = 0.5, E0` = 0.38 V,  
FcTMA

D   = 6.7 × 10-6 cm2 s-1 

(determined from steady-state voltammetry (see SI, Section S-4)) and 2FcTMA
D  = 6.1 × 10-6 cm2 

s-1 (determined by SECM chronoamperometry in feedback and SG/TC mode (see SI, Section S-

5)). The amount of adsorbed FcTMA+ on the HOPG was determined to be 1.13 × 10-10 mol cm-2 

(22 %) by comparison of experimental and simulated tip voltammograms, with most parameters 
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fixed, and only those (Kads,HOPG) relating to adsorption variable. Note that the adsorption of 

FcTMA+ on platinum has previously been observed30,32 and is not ruled out. However, it is minor 

(undetectable) under our experimental conditions, and the theoretical model assumes that the 

HOPG adsorption process dominates, with negligible adsorption of FcTMA+ at the Pt UME tip.   

In the competition mode, as noted above, (see Figure 1 (b)) the UME tip potential 

oxidized FcTMA+ to FcTMA2+ at a diffusion-limited rate, while the substrate potential was 

cycled between 0.1 and 0.8 V at 50 mV s-1. The UME tip competition voltammograms show a 

typical diffusion-limited (positive feedback) current on the forward wave, indicated by the solid 

line (Figure 3 (a (i))). As the HOPG substrate potential was anodically scanned such that 

FcTMA+ was oxidized to FcTMA2+, the UME tip current decreased (competition with the 

substrate for FcTMA+). Interestingly, by comparing simulations for all tip-substrate heights, the 

positive feedback limiting currents, measured with and without reactant adsorption on the 

substrate, give the same values (see SI, Section S-3, Figure S-2 (a (i)) and (b (i))). This is 

because the positive feedback limiting current merely depends on the redox competition between 

the substrate and tip electrodes for FcTMA+ in solution. Hence, the experimental positive 

feedback UME tip limiting currents can be used to accurately determine the tip-substrate 

separations without complications from FcTMA+ adsorption processes. However, even though 

simulations with and without FcTMA+ adsorption on the substrate gave equivalent limiting 

currents, the E1/2,app values were shifted positively by 17, 13, 12 and 9 mV at d = 2.58, 3.71, 4.59 

and 5.98 µm, respectively, compared to the diffusion only simulations. This is because FcTMA+ 

adsorbed on the HOPG surface at the start of the voltammetric sweep is gradually released 

during the sweep, particularly in the later part of the voltammogram. Thus, adsorption of 

FcTMA+ on the HOPG substrate subtly affects the voltammetric waveshape.  
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On the reverse competition mode potential scan, the currents are not retraceable (dashed 

lines in Figure 3 (a (i)) and (b (i))); the experimental and simulations are closely similar when 

adsorption of FcTMA+
 at the HOPG substrate is taken into account. This occurs due to FcTMA2+ 

reconversion to FcTMA+ at the HOPG substrate where the latter adsorbs. This accounts for the 

generally smaller UME tip current measured on the reverse substrate potential scan (0.8 V to 0.1 

V) in the competition mode. Without substrate adsorption of FcTMA+, the forward and reverse 

tip current responses (with the substrate potential scan) are much closer; see SI, Section S-3, 

Figure S-2.  

In the SG/TC mode, the UME tip is used to amperometrically detect substrate-generated 

FcTMA2+ as the HOPG substrate potential was cycled from 0.1 to 0.8 V at 50 mV s-1 to oxidize 

FcTMA+ to FcTMA2+. The resultant tip current-substrate potential curves are peak shaped 

(Figure 3 (a (ii)) and (b (ii))), rather than the typical sigmoidal response observed for this mode 

without adsorption of FcTMA+ at the substrate electrode (see SI, Section S-3, Figure S-2 (b (ii))). 

An increase of UME tip current was observed as the substrate potential was anodically scanned, 

reaching a maximum value at a potential ~ 0.49 V vs. Ag/AgCl (1 M KCl) before decreasing as 

the substrate potential was further increased. The surplus of FcTMA+ present on the HOPG 

substrate surface at the start of the voltammetric experiment results in a higher flux of FcTMA2+ 

species to the tip surface during the anodic potential sweep. This is clear from SI, Figure S-3 (a) 

and (b) which shows the concentration profiles for FcTMA+
 in the tip-substrate gap at EHOPG = 

0.5 V (close to the peak potential) on the anodic sweep for the SG/TC mode without and with 

reactant adsorption on the substrate electrode. The concentration of FcTMA+ near the UME tip is 

higher than the bulk concentration with FcTMA+ adsorption at the substrate.  
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On the reverse cathodic sweep of the substrate potential, the measured UME tip currents 

are smaller and tend to resemble the response for a steady-state diffusion-controlled response. 

This is because FcTMA+ adsorption no longer affects the tip response. A comparison of SG/TC 

tip voltammogram simulations, with and without surface adsorption effects, can be found in the 

SI, Figure S-2 (a (ii)) and (b (ii)), respectively. The substantial contribution from FcTMA+
 

adsorption to the SG/TC tip current-substrate potential response is seen at all tip-substrate 

heights, with the effect increasingly significant at closer tip-substrate separations. 

As tip-substrate heights can be determined accurately from the positive feedback limiting 

current of the competition mode voltammetric response (see above), the magnitude of peak 

currents measured in the SG/TC mode can be fitted to provide accurate measurement of reactant 

(FcTMA+) adsorption on the HOPG substrate when matched with simulations. Via this method, 

we estimated ΓHOPG = 1.1 × 10-10 mol cm-2 at a bulk concentration of 0.4 mM FcTMA+.  

We next briefly investigated the effect of scan rate on substrate voltammetry SECM.  

Figure 4 (a) and (b) shows typical experimental data and simulations for 3 pairs of competition 

mode and SG/TC tip responses taken at the same tip-substrate height (L = 0.209) but at different 

scan rates (50 mV s-1, 0.1 and 0.5 V s-1), indicated by the different colors. At higher scan rates, 

the surplus concentration of FcTMA2+
 generated at the HOPG surface (from adsorbed FcTMA+) 

does not have sufficient time to diffuse out of the tip-substrate gap, where tdiff(escape) ~ 

(aUMERG)2/D. Hence, peak currents are no longer observed in the SG/TC mode at scan rates ≥ 

0.5 V s-1, but the current is massively enhanced compared to the substrate adsorption-free case. 

Again, experiments and simulations are in close agreement using only the adsorption parameters 

for FcTMA+ as a variable.   
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Other considerations and impact on nanogap simulations 

In light of our experimental results, we applied our findings to substrate voltammetry SECM at 

typical nanogap geometries28 where a UME tip of aUME = 0.5 µm with RG = 2 is held at typical 

normalized tip-substrate distances, L = 0.1 - 0.3. In absolute terms these are much smaller (50 – 

150 nm) than those we employed above. Furthermore, the possibility of increased FcTMA+ 

adsorption on the substrate due to prolonged exposure times (to air) and the adsorption of the 

redox couple on glass, commonly used to isolate the UME tip will be considered. The following 

parameters apply throughout: k0
UME = 25 cm s-1 (reversible),22 α = 0.5, 

FcTMA
D   = 6.7 × 10-6 cm2 s-

1 and 2FcTMA
D  = 6.1 × 10-6 cm2 s-1, 

FcTMA
c  = 0.4 mM and +

0

HOPG,FcTMA
  = 5.0 × 10-10 mol cm-2. 

Effect of FcTMA+ adsorbed on HOPG 

Although most of the SECM measurements were taken within minutes of surface cleavage, it is 

also interesting to consider the impact of HOPG exposure to air. We have shown that the 

behavior of some redox couples change significantly over time,60,62,63 for a variety of reasons 

attributed to surface contamination, delamination, surface oxidation and other factors, and it is 

also known that HOPG is susceptible to atmospheric contamination.60 Some experiments, such 

as SECM measurements, where one has to assemble the HOPG sample in a cell before 

conducting the experiment, may result in unavoidable contamination of the surface, as well as 

damage to the sample from compression in a cell.60 As shown in SI, Section S-6, the amount of 

FcTMA+ adsorbed on HOPG increased to 2.0 × 10-10 mol cm-2 (FcTMA+ bulk concentration of 

0.4 mM) after one hour exposure of a cleaved surface to air. Figure 5 (a) shows simulated 

forward scan tip responses for the competition and SG/TC modes where +HOPG,FcTMA
 was 

systematically increased (1.1 ×10-10 (22 %), 1.53×10-10 (30 %), 2.0 ×10-10
 (40 %) and 2.6 ×10-10 
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(50 %) mol cm-2). Other simulation parameters include: L = 0.1 (50 nm) and k0
HOPG = 5 cm s-1. 

The black curves are the tip voltammetric response with no surface adsorption effects, for 

comparison. In this ideal case, it can be seen that the positive feedback limiting current 

(beginning of the competition mode scan) is larger than that of the SG/TC curve, which is 

expected because FcTMA2+ has a smaller diffusion coefficient than FcTMA+.27,29,56,57 When 

there is FcTMA+ adsorption on HOPG, the positive feedback limiting currents (Figure 5 (a (i))) 

remain unchanged from the control (adsorption-free) voltammogram (see earlier). Similar to the 

above microgap experiments above, E0’ values are positively shifted by 4 mV for all adsorption 

values considered.  

In the SG/TC mode (Figure 5 (a (ii))), tip currents are larger than expected and increase 

as the amount of adsorbed FcTMA+ is increased, due to the increased flux of FcTMA2+ toward 

the SECM tip from the oxidation of substrate-adsorbed FcTMA+. In this situation, the larger tip 

current enhancement would lead to an underestimation of tip-substrate distance (if adsorption 

was neglected by a researcher). Moreover, the tip voltammogram with adsorption is steeper, 

which would result in an overestimation of the kinetic parameter, k0.  When fitted to an 

adsorption-free analytical model, essentially reversible (k0
app

 ≥ 14 cm s-1) responses are found for 

all SG/TC curves, rather than k0 = 5 cm s-1 that was actually applied to the simulations. Kinetic 

analyses for the voltammograms in Figure 5 (a) are summarized in SI, Section S-9, Table S-1, 

where the simulated voltammograms, with different FcTMA+ adsorption on HOPG are analyzed 

as though they were adsorption-free (as a researcher might naively assume), and the resulting 

error in tip-substrate separation (underestimated), kinetics (overestimated) and thermodynamic 

parameter, E0’, are revealed.  
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Adsorption of redox active species on glass  

UME voltammetry in a drop of solution was used to determine adsorption isotherms for FcTMA+ 

and FcTMA2+ at the solution-glass interface (SI, Section S-1).66 The highly-charged FcTMA2+ 

species was found to adsorb strongly on glass surfaces (see SI, Section S-7). In this part of the 

simulations, we thus modified the boundary condition on the glass that surrounds the UME tip to 

include FcTMA2+ adsorption and the well-known fast lateral charge propagation that occurs 

within surface-attached redox molecules,67–71 especially ferrocenes at high surface coverage.71 A 

detailed description of the boundary condition applied can be found in SI, Section S-8.  

Figure 5 (b) shows simulated results that consider both FcTMA+ adsorption on HOPG 

and FcTMA2+ adsorption on glass. Again, for comparative purposes, the black curves show the 

limiting case of no adsorption on any surface. Within this framework, at the same tip-substrate 

distances, the positive feedback tip limiting currents (at the beginning of the competition mode 

potential scan) were always smaller than those in the SG/TC mode. This has previously been 

seen experimentally and the anomalous limiting current magnitudes were attributed to the 

presence of an organic contaminant layer, which had selective charge permeability in favor of 

the FcTMA+ species.28 Evidently, a similar effect can be observed, at least qualitatively, by 

considering the known adsorption of FcTMA+ on HOPG and FcTMA2+ on the UME glass 

sheath.  

The UME tip positive feedback limiting current obtained in the competition mode was 

always lower than the simulated adsorption-free counterpart. This is because the oxidation of 

FcTMA+ by glass-bound FcTMA2+ essentially ‘competes’ with the oxidation of FcTMA+ at the 

UME tip surface. This is evident by the shallower concentration gradient of FcTMA+ at the 
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tip/glass interface compared to the adsorption-free counterpart (Figure 6 (a)). Conversely, a 

higher UME tip limiting current is obtained for the SG/TC case compared to the simulated 

adsorption-free counterpart. This is because ET between the UME tip-generated FcTMA+ and 

glass-bound FcTMA2+
 provides an additional ‘feedback’ loop, which further enhances the flux of 

FcTMA2+ to the UME tip surface on top of the above mentioned increased flux of FcTMA2+
 due 

to the oxidation of substrate-adsorbed FcTMA+ (Figure 6 (b)).  

 Figure 7 (a) shows results for systematically varied substrate kinetic values (k0 = 0.5, 1.0, 

5.0, 10 cm s-1) at a fixed distance, L = 0.1 (50 nm) for the full adsorption model. For all k0 values 

employed, a tip current enhancement of ~7.3 times (competition mode) and ~7.9 times (SG/TC 

mode) with respect to iUME,bulk, was observed. The resulting ‘apparent’ tip-substrate separations 

are 53 and 45 nm for the competition and SG/TC mode, respectively. Analysis of these curves 

with an adsorption-free analytical model is summarized in SI, Section S-9, Table S-2, again to 

illustrate the kinetics and distances derived if a researcher assumed this was a simple redox 

process. It can be seen that the SG/TC modes give different distances (see above) and that the 

SG/TC mode overestimates the kinetics and the competition mode gives an underestimation. 

Interestingly, this has been seen experimentally,28 but the effects were attributed to the presence 

of a contaminant layer.   

Figure 7 (b) shows simulated UME tip responses when the tip height, L is varied (0.1, 

0.15, 0.2, 0.3) with k0
HOPG fixed at 5 cm s-1. Again, these voltammograms fitted well with the 

adsorption-free analytical model and the results are summarized in SI, Section S-9, Table S-3. 

For all tip-substrate heights considered, a higher k0 value and a smaller gap was observed in the 

SG/TC mode compared to the competition mode. k0 values determined from SG/TC mode curves 

are overestimated and are close to the maximum kinetic limit of detection. A trend of decreasing 
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k0
 with increasing tip-substrate heights was observed, similar to previous experimental 

observations,28 where the trend of slower kinetics was attributed to selective permeability of a 

contaminant layer on HOPG surfaces towards FcTMA+. This work however shows that such a 

trend can (at least partly) be explained by known adsorption phenomena of the redox couple 

itself. 

Lastly, note that the simulated voltammograms (Figure 7) show that these new adsorption 

processes introduce some hysteresis between the forward and reverse scans in both the 

competition and SG/TC modes, which has also commonly been seen experimentally in nanogap 

systems,28,32 indicating that extraneous redox adsorption phenomenon may be widespread in this 

configuration and needs to be clearly quantified if these methods are to be accurately interpreted. 

CONCLUSIONS 

This paper has considered the impact of adsorption phenomena on the SECM substrate electrode 

and tip (insulating support) with several significant outcomes. First, we have shown that 

substrate voltammetry SECM can be used to quantify adsorption of a redox couple at a substrate 

electrode. Such effects can readily be seen by changing the voltammetric scan rate applied to the 

substrate electrode, to achieve a non-steady-state response. Second, we have shown the 

importance of understanding surface adsorption effects on the glass that surrounds the UME tip, 

particularly in nanogap voltammetric measurements. The reduced surface area-to-solution 

volume ratio of nanogap experiments makes understanding the adsorption properties of the 

surface probe essential in order to extract reliable kinetic data, especially if the electrode kinetics 

are fast (close to the diffusion-limit).  
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We have developed a holistic model for SECM that carefully considers the unequal 

diffusivities of FcTMA+ and FcTMA2+, herein, and the adsorption of the reactant, FcTMA+ onto 

the HOPG substrate. The adsorption of highly-charged FcTMA2+ species onto the insulating 

glass sheath that encapsulates the UME was also considered along with direct ET between 

FcTMA+ in solution and glass-bound FcTMA2+, which significantly affects the magnitude of 

limiting current measured. The implication of these findings has been discussed for the case 

where a researcher would be unaware of such surface adsorption effects and analyzed the 

response purely in terms of ET kinetics at the substrate electrode. The effects discussed lead to 

incorrect kinetic parameters, underestimation in the competition mode and overestimation in the 

SG/TC mode, as well as, incorrect thermodynamic assignments.  

For some of the nanogap electrode dimensions considered here, it is possible that other 

effects such as from the electrical double layer (EDL) will come into play and cannot be ignored. 

Recently, White et. al.32 showed that limiting currents can be strongly affected (reduced) by the 

EDL at cell thickness ≤ 100 nm even for typical supporting electrolyte concentrations (200 mM) 

where the EDL is usually assumed to have negligible effect on mass transport. This work also 

found hysteresis in voltammograms taken at slow scan rates with a slight variability of the 

experimental voltammetric responses at low electrolyte concentrations and at thin cell 

thicknesses attributed to the adsorption of FcTMA+ at the Pt electrode surface.32 There are 

further effects, such as ion transport in nanogap geometries which also need further consideration 

in order to fully understand the SECM nanogap configuration.  
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Figure 1. (a) Schematic (not to scale) of the 2D-axisymmetric SECM simulation domain; and (b) diagram 

of the experimental protocols for substrate voltammetry SECM.  
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Figure 2. CVs for the one-electron oxidation of 0.4 mM FcTMA+ in aqueous 1 M KCl supporting 

electrolyte at a (a) freshly cleaved ZYA grade HOPG and (b) platinum disk electrode at different scan 

rates ( 50mV s-1 to 10 V s-1). 
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Figure 3. Experimental (a) and simulated (b) tip current-substrate potential curves for the competition 

and SG/TC modes for the one-electron oxidation of 0.4 mM FcTMA+ in 1 M KCl supporting electrolyte 

in aqueous media at an HOPG surface (ZYA grade) at different normalized tip-substrate heights (L = 

0.209 (blue), 0.297 (red), 0.367 (black), 0.478 (green)) at 50 mV s-1. Solid and dashed lines show the 

forward and reverse curves, respectively. Simulation parameters can be found in the text. 
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Figure 4. Experimental (a) and simulated (b) tip current-substrate potential curves for the competition 

and SG/TC modes for the one-electron oxidation of 0.4 mM FcTMA+ in 1 M KCl supporting electrolyte 

in aqueous media at an HOPG surface (ZYA grade) at different scan rates (50 (blue), 100 (red), 500 

(black) mV s-1) at L = 0.209. Solid and dashed lines show the forward and reverse curves, respectively. 

All other simulation parameters are identical to those used in Figure 3. 
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Figure 5. Simulated nanogap substrate voltammetry SECM tip current-substrate potential responses for: 

(a) varying values of +HOPG,FcTMA
  (1.1 × 10-10 (22 %), 1.53 × 10-10 (30 %), 2.0 × 10-10

 (40 %) and 2.6 × 

10-10 (50 %) mol cm-2); and (b) full adsorption model (red). In both parts, the black curves represent the 

adsorption-free tip response. Solid and dashed lines show the forward and reverse curves, respectively. 

Simulation parameters: L = 0.1, k0 = 5 cm s-1, v = 50 mV s-1, aUME = 0.5 µm, RG = 2, α = 0.5, 
FcTMA

D   = 

6.7 × 10-6 cm s-1 and 2
FcTMA

D  = 6.1 × 10-6 cm s-.1 Glass adsorption parameters are given by 
0

glass
  = 2.3 × 

10-9 mol cm-2, Kads,glass = 2.56 × 106 cm3 mol-1 and K12 = 9 ×106 M-1 s-1. 
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Figure 6. (i) Concentration profiles of (a) FcTMA+
 in the competition mode and (b) FcTMA2+ in the 

SG/TC mode, with the parameters defined in Figure 5 (b). (ii) Illustrations of the redox adsorption 

processes occurring in the (a) competition and (b) SG/TC modes. 
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Figure 7: Simulated nanogap substrate voltammetry SECM tip current-substrate potential responses in 

competition (i) and SG/TC (ii) modes showing the effects of (a) substrate ET kinetics on the shape of the 

voltammograms (10 cm s-1
 (blue), 1 cm s-1 (red) and 0.5 cm s-1 (black)) at  L = 0.1; and (b) tip-substrate 

separation (50 nm (blue),75 nm (red), 100 nm (black) and 150 nm (green)) for k0= 5 cm s-1. Dotted lines 

represent the analytical adsorption-free fitting where parameters are summarized in SI, Section S-9, Table 

S-2 and Table S-3. All other simulation parameters are identical to those used in Figure 5. Also see SI, 

Section S-8. 
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