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Highlights 

• Scanning electrochemical microscope (SECM) to investigate the redox cross 

reduction of 4-nitrobenzenediazonium.  

• SECM combined with numerical simulations to describe and quantify the whole EC’ 

mechanism. 

• Identification of a side reaction involving the reactive aryl radical species. 

Abstract 

Homogeneous redox catalysis, often associated to EC’ mechanisms, is an elegant way 

to investigate electron transfer processes. Among the electrochemical tools 

employed to decipher such processes, scanning electrochemical microscopy (SECM) 

is a powerful technique to unravel complex EC’ mechanisms, especially those 

involving short life time intermediates. Herein, it is employed to decipher the 

mediated reduction of 4-nitrobenzenediazonium by the reduced form of a redox 

mediator, chloranil, electrogenerated at the tip of the SECM. This strategy that 
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relocates the reduction of the aryldiazonium far from the tip surface allows 

protecting the tip from passivation and producing very reactive intermediates, i.e. 

aryl radicals, in solution. Combined with simulations, the SECM in the feedback 

mode allows describing the whole reduction mechanism and evidences the reaction 

pathway implying reactive radical species issued from the aryldiazonium reduction. 

Particularly, it is demonstrated that an irreversible reaction occurring between the 

aryl radical and the redox mediator is a predominant side reaction. 
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Introduction 

The electrocatalytic regenerative mechanism usually known as the EC’ mechanism1 

involves a reversible redox compound A, that is reduced (or oxidized) into B at the 

electrode via a heterogeneous electron transfer “E” (equation (1)). It is followed by a 

homogeneous catalytic chemical reaction in solution where B is regenerated back to 

A by reacting with another species, X, present in solution during the chemical 

reaction “C” (equation (2)).   



 

 

The EC’ mechanism then allows mediating the reduction (or oxidation) of X in 

solution through the reversible redox mediator couple A/B. This mechanism is at the 

basis of many electrocatalytic processes including redox catalysis,2,3 enzymatic 

electron transfer using redox mediators,4-7 electrochemiluminescence8 or sensors.9-11 

Such processes are characterized by an increase of the current recorded at the 

electrode for the electrochemical conversion of A to B due to the continuous 

regeneration of the passive form, A, of the redox species in solution and of its active 

form, B, at the electrode. This characteristic electrochemical signature can be 

exploited to quantitatively evaluate the mechanism of the redox mediated 

transformation of the species X, usually by cyclic voltammetry12,13 or 

chronoamperometry.14 Alternatively, scanning electrochemical microscopy (SECM) is 

also a very useful technique to study such electrochemical processes.9, 15-17 Even if 

the current increase recorded at the ultramicroelectrode (UME, used as the tip of 

the SECM) can provide a quantitative description of EC’ processes similarly to the 

classical electrochemical tools, the analysis of the perturbation of this current due to 

the confinement offered by the SECM configuration can bring insightful 

information.18-20 For instance, usually combined with numerical simulations, this 

strategy allowed deciphering complex EC’ reactions implying reactive intermediates 

species such as those involved in electrochemiluminescence, ECL,19 20 or the 

Belousov-Zhabotinsky reaction.18 SECM also offers an elegant approach to 



deliberately trigger EC’ processes in order to capture, quantify, and characterize 

reactive intermediates formed homogeneously such as H2O2,21 or HO,22 and also 

adsorbed intermediate species generated during heterogeneous 

photoelectrochemical 23, 24 or electrocatalytic processes.25-27 

In the present work, SECM is employed to investigate the 4-nitrobenzenediazonium 

(4-NBD) reduction mechanism through a mediated reduction following an EC’ 

mechanism illustrated in Figure 1a. The aryldiazonium reduction strategy allows for a 

covalent attachment of a broad range of chemical moieties to a wide range of 

surfaces. However, it suffers from poor control of the deposited layer’s thickness and 

structure due to an uncontrolled electrogeneration of highly reactive aryl radicals 

from the diazonium28-31 electroreduction, which impedes the fine tuning of an 

organized film.32, 33 Among the strategies employed to control the film thickness,34-38 

the one based on an EC’ mechanism, namely the redox cross-reaction, was 

developed.29 Briefly, it consists of the redox mediated reduction of the 

aryldiazonium, which relocates rapidly the reduction of the aryldiazonium in the 

diffusion layer of the electrode. Therefore, it prevents at the early stage the grafting 

of the reactive aryl radical species issuing from the aryldiazonium reduction.29, 39-41 

Very recently, this mediated reduction strategy was exploited to evidence the 

formation of the highly reactive diazenyl species as a preliminary intermediate, 

suggesting that the 4-nitrobezenediazonium reduction yields the nitroaryl radical in a 

stepwise electron transfer followed by C-N bond breaking.38 Herein, this system is 

investigated by SECM in feedback mode operated at an unbiased substrate 

(illustrated in Figure 1a). It is combined with numerical simulations to unravel this 



reduction mechanism and investigate the role of the reactive intermediate species 

involved in the process.  

 Material and methods 

Chemicals 

All reagents and solvents were purchased from Acros Organics or Sigma Aldrich. 

Chloranil, 4-nitrobenzenediazonium (NBD) tetrafluoroborate, tetrabutylammonium 

hexafluorophosphate (TBAPF6, supporting electrolyte), N,N-dimethylformamide 

(DMF, anhydrous, 99.8%) were used as received, without further purification.  

Scanning electrochemical microscopy (SECM) experiments 

Electrochemical measurements were performed using a bipotentiostat 

(Electrochemical Analyzer) from CH Instruments (Model #760C, IJCambria, UK). 

Ultramicroelectrode positioning and SECM movements were handled via a Newport 

Universal Motion Controller/Driver, model ESP300 (Newport Corporation, Irvine, 

California) operated through a homemade program using LabView. 

Ultramicroelectrodes (UMEs) with RG = 10 were fabricated using 1.0 mm/0.5 mm 

(inner diameter/outer diameter) borosilicate glass capillaries from Sutter 

Instruments (Novato, California, USA), 25 µm diameter gold wire (99.99%, 

Goodfellow Cambridge Ltd., Huntingdon, UK), and a laser puller from Sutter 

instruments (Model# P-2000). A Pt wire was used as counter electrode, and a silver 

wire coated by AgCl as the reference electrode.  

The SECM approach curves represent the normalized current I = i/i,inf as a function of 

the normalized distance. L = d/a; d is the separation distance between the UME and 



the substrate, a the radius of the conductive part of the UME. They were recorded 

using either a glass slide as insulating substrate or at a 3mm glassy carbon electrode 

carefully polished before each experiment with a 1 µm alumina paste, sonicated in 

an ethanol bath and then washed with ethanol. All the experiments were performed 

at an approach rate of 1 µm.s-1 under air since O2 reduction does not interfere at the 

potentials used. 

Simulations 

All numerical simulations were performed using the transport of diluted species 

module on COMSOL Multiphysics v5.6. The UME and substrate geometry were 

simulated using a 2D axis-symmetric domain as presented in Figure S1 of the 

Supplementary Material (SM). The UME dimension (a) and the ratio between the 

UME radius and the radius of the metal center (RG) were determined respectively 

from the initial diameter of the wire inserted in the capillary and from the negative 

feedback approach curves. Besides all the used parameters are shown in Table S1 in 

SM. Among them, the diffusion coefficient of chloranil (Dch ~ 7x10-6 cm2.s-1) was 

estimated from the UME steady state current using equation 3. 

                          (3)      

where      is the current measured in the bulk solution, F is the faradaic constant,   

the number of electrons of the reaction,   the radius of the electrode and Cch is the 

concentration of chloranil. 

The simulated approach curves were solved using the UME-substrate distance as a 

parameter varying from 0.1 to 80 µm with 1 µm steps (simulations were performed 



in transient mode, each new UME-substrate distance was computed for 100s). The 

simulated current value was extracted at t = 100 s for each step to ensure the steady 

state conditions.   

Results and discussion 

Description of the experimental SECM approach curves  

The SECM approach curves were first recorded with 2 mM of chloranil either 

towards a glass substrate or an unbiased glassy carbon (GC) one using a 25 μm 

diameter gold UME as the SECM tip. As shown in Figure 1b the former curve 

presents pure negative feedback that fits with the analytical expression given for 

RG = 10.42 On the other hand, the approach curve of the GC substrate presents a 

classical positive feedback42,43 that can be fitted considering a re-oxidation of the 

radical anion of chloranil at the GC substrate with a heterogeneous rate constant of 

chloranil ks,GC = 3 ± 0.5×10-2 cm.s-1. This value extracted from multiple approach 

curves (Figure S2 in SM) was further considered for all the simulations in this work. 

As depicted in Figure 1a, when adding 4-NBD, one expects the reduced form of the 

redox probe (i.e. the radical anion of chloranil) to reduce 4-NBD, regenerating 

chloranil via an EC’ type reaction. After addition of 2 mM of 4-NBD, the approach 

curve performed at the glass substrate presents pure negative feedback similar to 

the one recorded without aryldiazonium in solution (Figure S3 in SM). The approach 

curve recorded at the GC substrate results in a very different shape that can be 

decomposed in two regions depending on the normalized UME-substrate distance, L. 

First, starting from large L values, a decrease of the current occurs until the UME 

reaches a normalized distance L ~ 1. Then for shorter distances, the current increases 



until the UME touches the surface (current inflection). As shown in Figure S4 in SM, 

two successive approach curves present the exact same shape, attesting that at the 

time scale of the experiment, the possible grafting of the aryl radical formed during 

the process remains insufficient to passivate the glassy carbon substrate and the Au 

UME. Analogous feedback response was reported in the literature for different 

mechanistic investigations by SECM, all implying the redox mediator into a 

competing follow-up chemical reaction. This situation was particularly observed for 

EC’ mechanisms as in redox catalysis or ECL processes.19,44 To further investigate 

quantitatively the origin of this feedback response, numerical simulations were 

performed. 

 

a 

b 



Figure 1: a) SECM configuration to investigate the mediated reduction of 4-

nitrobenzene diazonium. b) Approach curves recorded with 2 mM of chloranil at a 

glass substrate () or at an unbiased 3 mm diameter glassy carbon substrate () 

without and () after addition of 2 mM of 4-nitrobenzenediazonium. All the 

experiments were performed in DMF solutions in the presence of 0.1 M TBAPF6, 

applying -0.3 V vs Ag pseudo reference at a 25 μm diameter gold UME at 1 μm.s-1. 

Lines are the simulated curves for pure positive (—) and negative feedback (—) 

considering the heterogeneous electron transfer rate for the chloranil at the unbiased 

GC electrode ksc,GC = 3x10-2 cm.s-1 and RG = 10.  

Catalytic EC’ mechanism 

The diazonium reduction leads to the breaking of the C-N2 bond. Since the nature of 

this bond breaking step, as being either concerted or subsequent to the electron 

transfer (stepwise), is still a debate, we have simulated both situations as illustrated 

in Figure 2a and b.  

Let’s first consider a stepwise mechanism. In this process, the current recorded at 

the UME depends on i) the rate of the homogeneous electron exchange between the 

reduced form of chloranil and the aryldiazonium (kf) yielding the diazenyl radical and 

ii) the further dissociation of the latter to form the aryl radical (kd). Noteworthy, it is 

assumed that the reduction of the aryldiazonium by the reduced form of chloranil 

stops at the aryl radical step since further reduction of the aryl radical into its 

corresponding anion occurs at a potential at least 0.5 V more negative than the 

redox potential of chloranil.45, 46 As explained in Figure S5 in SM, the influence of 

both kf and kd was investigated by looking at the current drop in the simulated 



approach curves. The 3D diagram shown in Figure S5 in SM evidences that the 

current drop is strongly affected by variations in kf: the higher kf and the more 

pronounced the current drop, meaning that the approach curve departs more from 

the substrate kinetics feedback limit (upper approach curve in Figure 2a). The 

influence of kf on the approach curve is mainly within the 103 M-1.s-1 <kf< 106 M-1.s-1 

range. Similar trends are observed for kd: the higher kd the more the approach curve 

departs from the substrate kinetics limits. However, under the chosen configuration, 

the maximum effect is observed for kd = 103 s-1. This means that for intermediates 

having lifetime τ < 1 ms (1/kd) the SECM approach curves are only kinetically 

governed by the mediated electron transfer step kf. Since kd values, reported in the 

literature, are at least one order of magnitude higher than this limit,38, 47, 48 in such 

an experimental configuration it is impossible to evaluate the value of kd and 

therefore differentiate between a stepwise or a concerted bond breaking. 

Noteworthy, the evaluation of kd would require smaller UME and the choice of the 

appropriate UME should be selected based on the dimensionless parameter of the 

dissociation step kda2/D with a the radius of the UME and D the diffusion coefficient 

of the redox mediator. 



 

Figure 2: a) Stepwise or (b) concerted mechanisms envisaged for the mediated 

reduction of 4-nitrophenyldiazonium. c) Normalized experimental approach curve 

() and simulated ones for a classical feedback behavior (—) and for kf = 102 (—), 103 

(—), 104 (—), 105 (—), 108 (—) M-1.s-1. d) Average infinite distance current, iinf, 

determined experimentally () at a distance between the UME and the substrate d ≥ 

100 µm based on N ≥ 5 iinf values for various 4-NBD concentrations, Cdiazo, compared 

to simulated values for kf = 102 (), 103 (), 5x103 (), 104 (), 106 () M-1.s-1. 

In the case of high kd values (or also for the concerted mechanism) the process is 

only controlled by the reaction rate constant kf. Its effect on the approach curve 

shape is depicted in Figure 2c. For kf < 102 M-1.s-1, all simulated approach curves 

display the classical positive feedback behavior showing that its effect can be 

a b 

c d 



neglected. However, while increasing kf value up to 108 M-1.s-1, the shape of the 

simulated approach curves deviates from the classical positive feedback behavior 

and a current drop similar to the one observed experimentally is observed. The 

experimental approach curve fit is obtained for 105 M-1.s-1 < kf < 108 M-1.s-1 in a good 

agreement with the value recently reported in the literature considering a concerted 

mechanism (kf= 106 M-1.s-1).49  

Further mechanistic information is provided from the absolute value (unnormalized) 

of the current recorded at the UME. Indeed, as recalled in the introduction, the EC’ 

mechanism is usually characterized by an increase of the current due to the solution 

phase regeneration of the redox mediator. This regeneration and the current 

enhancement do not necessarily imply the presence of a substrate and are observed 

at large distances from the substrate, i.e. > 100 µm. As shown in the approach curves 

in Figure S6 in SM, even if qualitatively an increase of the infinite distance current 

(iinf) was observed after adding 2 mM of 4-NBD, this increase is significantly lower 

than expected considering the values of kf
 > 105 M-1.s-1 as suggested from the 

approach curve simulations. This is further supported by Figure 2d that represents 

the experimental evolution of the infinite distance current, iinf, recorded at the UME 

(UME held at > 100 µm above the GC substrate) plotted versus the concentration of 

4-NBD, Cdiazo, added in the solution. There is a discrepancy between the 

experimental variations of iinf with Cdiazo and the simulated ones using kf = 106 M-1.s-1 

(red symbols in Figure 2d). The observed evolution would rather roughly correspond 

to electron exchange rate within 103 < kf < 5x103 M-1.s-1, which cannot reproduce the 

current drop observed experimentally (Figure 2c). This antagonism suggests that the 

EC’ reaction mechanism is not sufficient to explain the homogeneous reduction of 4-



NBD by the reduced chloranil and likely involves secondary reactions playing a key 

role in the feedback loop of the redox species.  

EC’ mechanism considering the reactivity of the aryl radical species. 

Carefully comparing the experimental evolution of iinf with Cdiazo and the simulated 

ones, obtained considering the classical EC’ mechanism, the discrepancy between 

the apparent kf value obtained either from simulations of the infinite distance UME 

current or approach curves suggests that the regeneration of the redox mediator is 

somehow slowed down at infinite distance. This phenomenon could have its origin in 

a lower concentration of the aryldiazonium reacting with the redox probe and/or in 

a lower concentration of the redox probe itself. The former hypothesis could result, 

as previously reported,48 from a coupling reaction (dimer formation) between the 

reactive aryl radical, produced by the bond breaking step, and the diazonium 

counterpart.  

Therefore, as a first attempt, the reaction between the aryl radical and the 

aryldiazonium, as shown in Figure 3a (red pathway), was implemented in the model. 

The effect of the rate constant kf’ of this reaction on the infinite distance UME 

current, iinf, was investigated as a function of Cdiazo. The results presented in Figure 

3b show that an increase of kf’, while maintaining kf at 106  M-1.s-1, indeed results in 

decreasing the infinite distance current values. However, even using kf’ value up to 

107 M-1.s-1, the simulated current is still overestimated compared to the 

experimental one as soon as the aryldiazonium concentration exceeds 0.5 mM, 

meaning that this mechanism does not explain the infinite distance current 

evolution. 



We then considered the possibility of a chemical reaction between the aryl radical 

and chloranil. Noteworthy, the same reaction can be envisaged with the reduced 

form of chloranil. The effect of the rate constant, kf’’, associated to this reaction was 

studied while maintaining kf’ = 0. Using a similar approach as above, the evolution of 

the infinite distance current for various diazonium concentrations when increasing 

kf’’ was investigated assuming kf = 106 M-1.s-1. The results are presented in Figure 3c. 

Interestingly when increasing kf’’, the whole set of experimental infinite distance 

currents iinf values for different NBD concentrations could be reproduced by the 

simulations using kf” ~ 105 M-1.s-1. This result favors a reaction between the redox 

species and the aryl radical during the EC’ process. Noteworthy, it was already 

evidenced that 2,2-diphenyl-picrylhydrazyl (DPPH), used as a redox mediator, 

couples to aryl radicals issuing from aryldiazonium reduction, even if this coupling 

was initially attributed to a radical trapping mechanism at the interface.41 Even if at 

this stage we don’t have yet the identification of the product, we assume that a 

similar radical-radical reaction between the aryl radical and the chloranil radical 

anion occur within the reaction layer of the UME. 

 



 

Figure 3: a) Mechanism involving the aryl radical formed during mediated reduction 

and 4-NBD by chloranil. b) Average infinite distance current, iinf, determined 

experimentally () for various 4-NBD concentrations shown in Figure 2c compared to 

the simulated ones for kf = 106 M-1.s-1 () and b) kf
’ = 103 (), 105 (), 107 () M-1.s-1 

and c) kf” = 104 (), 5x104 (), 105 ()M-1.s-1. 
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Quantitative analysis of the whole mechanism 

To summarize, the infinite distance current behavior suggests that the reduction of 

4-NBD by an electrogenerated redox probe is governed by both the homogeneous 

electron exchange, kf, and a chemical reaction involving the radical derived from 4-

NBD, kf”. The quantitative contribution of each path was determined by reproducing 

the whole approach curve (the absolute current value as a function of the UME-

substrate distance). By considering the values of kf and kf” determined separately 

above (kf = 106 M-1.s-1 and kf” = 105 M-1.s-1 for Cdiazo = 2 mM), the current drop 

observed in the approach curve could not be reproduced satisfactorily. As both kf 

and kf” affect the infinite distance current and the approach curve, these rate 

constants should be adjusted simultaneously in a quantitative description of the 

mechanism. To do so, the respective effects of kf and kf” on the current drop, namely 

imin, and iinf, were considered simultaneously. First, a 3D diagram showing their effect 

on the current drop is presented in Figure 4a. This diagram reveals that an increase 

of kf has a strong effect to increase the current drop, as also shown in the simulated 

approach curves of Figure 2c. On the contrary, an increase of kf” leads, in a lesser 

extent, to a lowering of the current drop. In this diagram, the experimental current 

drop value averaged over 4 approach curves was added (light grey plan) that allows 

to highlight the possible (kf , kf’’) couples that could fit the current drop (i.e. the 

intersection between the diagram and the light grey plane). In a second 3D diagram 

presented in Figure 4b, the effect of the very same rate constants on iinf was studied. 

It is evidenced that kf has only a slight effect on iinf for kf < 105 s-1. Contrariwise, an 

increase of kf” leads to a significant decrease of iinf due to the decrease of the redox 

regeneration at the UME. Similarly to Figure 4a, the light grey plane corresponds to 



the averaged value of the experimental iinf. Exploiting both diagrams, a unique 

couple of kf ~ 105 M-1.s-1and kf” ~ 5x104 M-1.s-1 (red traces in Figures 4a and b) was 

determined to match both imin and iinf values. As demonstrated in Figure 4c for 2mM 

of 4-NBD and in Figure S7 in SM for other concentrations, this couple of rate 

constants could also fit the whole experimental approach curves. 

 

 



 

Figure 4: a, b) 3D diagrams showing the effect of kf and kf” on a) the normalized 

current drop, imin/iinf, of the approach curves and b) the infinite distance current, iinf. 

c) () approach curve of Figure 1a compared to the simulated one using the 

combination of kf ~ 105 M-1.s-1and kf” ~ 5.104 M-1.s-1 determined from the 3D 

diagrams (red traces). 
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Conclusion 

The mechanism of the mediated electrochemical reduction of 4-NBD was deciphered 

quantitatively by SECM in the feedback mode combined with numerical simulations. 

The shape of the approach curves mainly depends on the electron transfer exchange 

reaction between the aryldiazonium and the reduced form of the redox mediator 

generated at the UME. However, a simple EC’ mechanism is insufficient to fully 

understand this mediated reduction process. It turned out that the mechanism 

involves a side reaction in which the reactive intermediate generated (the aryl 

radical) reacts predominantly with the redox mediator. The precise description of 

the mechanism allowed determining the reaction rate between the aryl radical and 

the former species. This work demonstrates that exploiting SECM approach curves in 

the feedback mode allows deciphering quantitatively complex mechanisms involving 

EC’ patterns. It could be further employed to study other similar reactions. 

Particularly here, the EC’ mechanisms triggered by SECM is a powerful strategy to 

quantify the coupling reactions between redox mediator and radical species that 

could be of high interest in the field of redox radical trapping processes.50 
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