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ABSTRACT:  

It is important but challenging to elucidate the electrochemical reaction mechanisms of organic compounds using 

electroanalytical methods. In this work, we exploited the advantages of classic thin-layer electrochemistry to 

develop a thin-layer electroanalysis microchip (TEAM). The TEAM provided better resolved voltammetric peaks 

than measurements under semi-infinite diffusion conditions. Importantly, because the analyte solution was 

mechanically isolated using a polyelectrolyte gel, rapid small-volume electrolysis allowed the accurate 

determination of the number of electrons transferred, n. The performance of the TEAM was validated using both 

voltammetry and coulometry of standard redox couples. Moreover, a spectroelectrochemical analysis of FM 1-43, 

an organic dye widely used in neuroscience, was successfully performed. Harnessing the analytical power of the 

TEAM, the electrochemical oxidation mechanisms of pivanilides and alkyltrifluoroborate salts were studied. Thus, 

the TEAM has the potential to provide invaluable mechanistic information and promote the rational design of 

electrosynthetic strategies. 
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Understanding the mechanisms of electrochemical reactions is important for rationally utilizing/producing 

molecules for use in the fields of energy/chemical conversion,1–4 bioelectrochemistry,5 and organic 

electrosynthesis.6–11 Such information is especially critical in electrosynthesis to improve yields or control reaction 

selectivity among competing pathways. Unlike homogenous reactions, heterogeneous electrochemical reactions 

are challenging to predict because electron transfer occurs at the solid/solution interface in the presence of a high 

electrolyte concentration. However, limited efforts have been made to develop suitable electrochemical techniques 

for elucidating reaction mechanisms.12–15 Cyclic voltammetry, which has been the most widely used technique, 

provides information of half wave potential, the number of voltammetric peaks, or relative peak currents. In 

addition, square wave voltammetry has recently gained attention for its ability to distinguish multi-electron 

transfer underneath an apparently single peak in specific cases. Nevertheless, generalization of these methods 

requires further improvements, especially to the resolution.16,17 A more intuitive and critical knowledge of reaction 

pathway is the number of electrons transferred per molecule in a heterogeneous redox reaction, n. However, most 

electrochemical methods18–21 that can provide n are inappropriate for multistep reactions22 and nonaqueous 

systems. Although bulk electrolysis is a versatile and straightforward method without additional parameters and 

with fewer restrictions, it is time-consuming due to large solution volumes and often leads to overestimated results 

involving disproportionation or side reactions.  

Thin-layer electrochemistry, which has been exploited to evaluate electrochemical parameters since the 

1960s,23–26 can address these issues if feasible in a small volume. In addition, it gives distinctive sharp and 

symmetrical voltammetric peaks without semi-infinite inbound mass transfer and thus can provides greater peak 

resolution. The differences between the thin-layer cell and semi-infinite diffusion measurements are demonstrated 

by digital simulation of the square wave voltammograms (SWVs) for two sequential electron transfers (Figure 1). 

As shown in Figure 1a, the two neighboring peaks are more distinguishable using the thin-layer cell than under 

semi-infinite diffusion conditions for the same ∆E0. This difference is due to a reduced mass transfer effect in the 

thin-layer cell, which leads to an earlier peak potential and a steeper current decrease with reactant depletion 

(Figure S1 and Video S1). Furthermore, SWVs as a function of frequency indicate that this peak separation is 

more evident at lower frequencies than at higher frequencies (Figure 1b). A low frequency and a small step 

potential are favorable for observing distinctive voltammetric behavior because a slower scanning is beneficial to 

achieve mass transfer equilibrium throughout the cell. Despite its usefulness, thin-layer electrochemistry has been 

impeded by lateral diffusion from the external solution and the absence of a standardized system. 

Figure 1. Simulated SWV curves of 20 μm thin layer model (solid line) and semi-infinite diffusion model (dashed line) at 
different (a) ΔE0 and (b) frequency. Frequency was 15 Hz and E2

0 was 0.6 V, respectively. (c) Schematic illustration of 
TEAM. 



By revisiting thin-layer electrochemistry, we devised a microchip device, the thin-layer electroanalysis 

microchip (TEAM), to extract information about electrochemical reaction mechanisms more effectively (Figure 

1c and Scheme S1). The small height of 20 μm allows immediate access of reactants to the electrode surface while 

also imparting the characteristic voltammetric features of thin-layer cells. Most importantly, lateral diffusion was 

prevented by mechanically confining the analyte solution to the working electrode using a polyelectrolyte gel salt 

bridge, thus enabling the accurate determination of n via coulometry in a short time. For aqueous solutions, a 

polydiallyldimethylammonium chloride (pDADMAC) hydrogel27 was constructed in the TEAM. For organic 

solvents, a lipophilic polyelectrolyte gel, polylaurylacrylate tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (pLA-

TFPB)28,29 (Figure S2), was introduced by photopolymerization. 

The validity of the TEAM as an electrochemical analytical device was investigated using the well-known redox 

species ferrocyanide, o-tolidine, and ferrocene (Fc) (Figure 2). The cyclic voltammograms (CVs) of ferrocyanide 

exhibited very small peak-to-peak separations, ranging from 6 mV at a scan rate of 1 mV/s to 19 mV at a scan 

rate of 10 mV/s (Figure 2a and Table S1), as compared to 59 mV for a reversible one-electron transfer reaction 

under semi-infinite diffusion conditions. In addition, the current returned to the baseline after the peak potential, 

leading to a symmetric peak shape. These characteristics are typical of thin-layer electrochemistry, as described 

above. As shown by the n–t plot for ferrocyanide oxidation (Figure 2b), n was measured accurately as 1 by 

successfully preventing lateral diffusion (Figure S3). The feasibility of the TEAM was further demonstrated using 

o-tolidine, which undergoes quasi-reversible two-electron oxidation under acidic conditions (Figure 2c and 

2d).30,31 Similarly, a CV with a small ∆Ep was observed, and constant potential electrolysis resulted in an n value 

of 2, as expected. Finally, the TEAM was used to investigate Fc in various organic solvents, including acetonitrile 

(MeCN), acetone, dichloromethane (DCM), and tetrahydrofuran (THF) (Figure 2e and 2f). The large peak-to-

peak potentials in the resulting CVs originates from the sluggish electron transfer kinetics in the organic solutions 

Figure 2. CVs and n–t plot of standard redox species using TEAM. (a, b) CVs and n–t plot (Eapp=0.4 V) of 2 mM ferrocyanide 
in 1 M KCl. (c) CV (2 mV/s) and (d) n–t plot (Eapp=0.7 V) of 1 mM o-tolidine in 0.2 M phosphate buffer (pH 2). (e) CVs 
(10 mV/s) and (f) n–t plot of 1 mM ferrocene in 0.1 M TBAPF6 MeCN (Eapp=0.5 V), acetone (Eapp=0.5 V), DCM 
(Eapp=0.7 V), and THF (Eapp=0.7 V) solution. 



at the indium tin oxide (ITO) electrode (Figure S4) and the high resistances of the organic solutions and pLA-

TFPB polyelectrolyte gel (Supporting Information). In addition, the variance in E1/2 could be rationalized by the 

different reorganization energies of Fc/Fc+ in various solvents.32 Nevertheless, in all cases, n values of 1 were 

obtained.  

Based on the validity of the TEAM, we applied it to the electrochemical analysis of less-explored organic 

compounds and investigated its feasibility for spectroelectrochemical measurements. One area that demands 

knowledge of the oxidation potential or n of a molecule is neuroelectrochemistry for amperometric detection and 

quantitative analysis. Electrochemical investigations of FM 1-43, a fluorescent styryl dye used for visualizing 

exocytosis,33 are required to allow its application as a dual functional fluorescent and amperometric probe. The 

CV of FM 1-43 in the TEAM exhibited one sharp anodic peak with E1/2 of 0.5 V followed by a broad anodic 

current (Figure 3a). The peaks observed using the TEAM were better defined than those obtained under semi-

infinite diffusion conditions (Figure S5) as expected. The n value determined for the first oxidation step was 1 

(Figure 3b), suggesting the stoichiometry to count the number of FM 1-43 molecules from the amperometric peak 

at 0.5 V during exocytosis. Because of the transparency of the ITO electrode, the TEAM could be used as an in 

situ spectroelectrochemical cell with a path length of 20 μm. With FM 1-43, the maximum absorption peak at 480 

nm gradually decreased and almost disappeared after electrolysis for 10 min (Figure 3c), indicating a structural 

change induced by one-electron oxidation. The decrease in the maximum absorbance with time was consistent 

with the trend observed for the current during electrolysis (Figure 3d), exemplifying the real-time monitoring of 

spectroelectrochemical properties. 

Figure 3. Electrochemical and spectroelectrochemical study of FM 1-43 using TEAM. (a) CV (5 mV/s) and (b) n–t p
lot (Eapp=0.5 V) of 2.5 mM FM 1-43 in 1 M KCl. (c) UV-VIS absorption spectrum obtained with simultaneou
s electrolysis at 0.5 V. (d) Co-plot of the maximum absorbance and current versus time. 



As a further demonstration of the applicability of the TEAM, we focused on elucidating the electrochemical 

reaction mechanisms of organic compounds in organic solvents. Anilide, an important building block in natural 

products and drugs,34–39 has been proposed to undergo electrochemical oxidation via an ECE mechanism partially 

unveiled by indirect evidence, including the number of peaks and oxidation potentials from voltammetry and 

product analysis from electrosynthesis of dianilide via N–N bond formation.40 As accurate measurements of n and 

distinguishable voltammetric peaks can provide a better understanding of the oxidation mechanism, 

electroanalyses were performed using the TEAM (Figure 4 and Figure S6). The voltammogram of N-(p-

tolyl)pivalamide (4-MePhNHPiv) exhibited two distinct peaks in hexafluoroisopropanol (HFIP) (Figure 4a), with 

each peak corresponding to single-electron transfer (SET) (Figure 4b), in agreement with the previously suggested 

mechanism.40 For an anilide with a more electron-donating substituent, N-(4-methoxyphenyl)pivalamide (4-

MeOPhNHPiv), a voltammogram with a single peak was obtained (Figure 4d), corresponding to two-electron 

transfer (Figure 4e). Interestingly, the voltammogram of 4-MePhNHPiv in DCM showed a single peak 

corresponding to two-electron transfer. These observations were further confirmed by the SWV for both anilides 

(Figure 4c and 4f). Owing to the superior resolution of SWV in the TEAM, two distinct peaks were obtained for 

4-MePhNHPiv in DCM with a voltage difference of approximately 300 mV, whereas a single peak was observed 

under semi-infinite diffusion conditions. The overlap of the two oxidation potentials is presumably ascribable to 

poor stabilization of the radical intermediate by the solvent, which would promote facile two-electron transfer. 

Furthermore, in both CV and SWV measurements, the two oxidation peaks for 4-MeOPhNHPiv in HFIP 

Figure 4. Electrochemical oxidation study of anilides using TEAM. (a) CVs (10 mV/s) and (b) n–t plots (Eapp=1.8 a
nd 2.5 V) of 1 mM 4-MePhNHPiv in 0.1 M TBAPF6 of HFIP and DCM solution. (c) SWVs with TEAM or 
semi-infinite diffusion condition of 4-MePhNHPiv in DCM. (d) CV (10 mV/s), (e) n–t plot (Eapp=1.8 V), and 
(f) SWVs with TEAM or semi-infinite diffusion condition of 1 mM 4-MeOPhNHPiv in 0.1 M TBAPF6 of HFI
P solution.  



overlapped because the cation formed during the second oxidation process could be stabilized by resonance, 

similar to quinone imine-like structures.40  

In addition to the nitrogen-centered electrochemistry of anilides, the TEAM was used to study organoboranes. 

The versatility of organoboranes provides access to valuable transformations in many fields of organic 

synthesis,41–46 with recent attention focused on photoredox42 and electrochemical reactions.41,46,47 Inagi et al. 

investigated the electrochemical oxidation of organoboranes in terms of oxidation potentials and studied one-

electron oxidation using voltammetric analysis and DFT calculations.41,45 In addition, the electrochemical 

generation of carbocations, implying two-electron transfer, has been recognized for only a few examples.41,47 

However, the second oxidation process has not been characterized by electrochemical methods. Using the TEAM, 

the electrochemistry of an alkyltrifluoroborate salt, trifluoro(1-(4-methoxyphenyl)-ethyl)-λ4-borane potassium 

salt ((4-MeOPh)CHCH3BF3K), was studied (Figure 5). The voltammogram showed two distinct peaks, each 

corresponding to SET, with a ∆𝐸 value of approximately 500 mV. The SET at 1.4 V is consistent with the well-

known mechanism for (photo)electrochemical radical generation.42,46,47 Moreover, the determination of an n value 

of 2 at 1.8 V implies that the carbocation pathway could be enabled by manipulating the applied potentials.  

In summary, we rediscovered thin-layer electrochemistry to develop a chip-type device, the TEAM, to clarify 

electrochemical reaction mechanisms. The thin-layer cell not only improved the resolution of the voltammetric 

peaks as compared to those obtained under semi-infinite diffusion conditions but also enabled the rapid and 

accurate determination of n owing to the small analytical volume without lateral diffusion achieved using a 

polyelectrolyte gel. Using the TEAM, voltammetric/coulometric analyses and spectroelectrochemical studies 

were successfully conducted on well-known redox species and organic compounds that require mechanistic study, 

as summarized in Table S2. This work revealed the potential of the TEAM as a compact and easy-to-use device 

for exploring electron transfer steps in the fields of electroorganic/organometallic chemistry. We believe that the 

TEAM can contribute to organic electrosynthesis to gain insights for rational synthetic design without multistep 

screening or product analysis. Further developments will enable more complicated analyses of electrochemical 

reactions, such as investigating coupled chemical reactions or extracting kinetic parameters for electrochemical 

reactions. 

 

Supporting Information 

Figure 5. Electrochemical oxidation study of alkyltrifluoroborate salt using TEAM. (a) CV (10 mV/s) and (b) n–t plots 
(Eapp=1.4 and 1.8 V) of 1 mM (4-MeOPh)CHCH3BF3K in 0.1 M TBAPF6 of MeCN solution. 



The Supporting Information is available free of charge online. Experimental details; additional simulation data 

and explanation; cross-sectional diagram of TEAM; synthetic scheme of pLA-TFPB, peak-to-peak separation of 

ferrocyanide CVs; n–t plot without polyelectrolyte gel; CVs of Fc, FM1-43, and 4-MePhNHPiv with semi-infinite 

diffusion; summary of oxidation potential and n. (PDF)  

Video of simulated concentration profile change in thin-layer cell. (Video S1) 
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