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General Introduction 

 

1. Electrochemical analyses of molecular compounds under 

photoirradiation 

 

Photochemical reactions of organic compounds [1-3] and transition metal 

complexes [4-6] have been widely studied not only because of their fundamental 

importance in chemistry but also because they serve as model reactions of biophysical 

phenomena such as photosynthesis [7,8] and phototransduction [9,10]. In addition, a 

detailed understanding of the mechanisms of such photochemical reactions would 

provide deeper insight into future technological applications including artificial 

photosynthesis [11-13] and optogenetics [14,15]. Because a photochemical reaction 

consists of an initial photoexcitation process and subsequent multistep exothermic 

processes, analyzing the intermediates generated during the reactions is essential to 

understanding the mechanisms of photochemical reactions of molecular compounds.  

Electrochemical measurements, e.g., cyclic voltammetry, are a well-established 

analytical means to evaluate the HOMOs and LUMOs of molecular substrates by 

observation of the electrical current attributed to electron transfer between the substrates 

and the electrode. Because the electronic structures of the substrates are changed upon 

photoexcitation, in-situ observation of the electrochemical response under 

photoirradiation can be a powerful technique to investigate the photochemical reaction 

mechanisms. However, electrochemical analyses under photoirradiation for molecular 

substrates in homogeneous solution are not widely performed at present, although those 

for heterogeneous systems have been extensively used in the fields of solar cells and 

semiconductor photocatalysts. [16-18] 

From a historical point of view, electrochemical analyses under 

photoirradiation for molecular substrates in homogeneous solution are not an 

unexplored research topic. The first pioneering work on such measurements, 

photopolarography, was reported in 1960, by using a dropping mercury electrode as the 

working electrode, as described in Section 2.1. [19-42]. In the 1970s, the special 

rotating electrode, composed of an inert-metal ring electrode and an optically 
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transparent disk, was developed and used to detect the electrochemical responses of 

photochemically generated intermediates (Section 2.2) [19,43-51]. In the 1980s, by 

adopting the modulation principle in photoelectrochemical measurements, a technique 

called photomodulation voltammetry was developed to detect the redox current of 

short-lived transient species (Section 2.3) [52-62]. These photoelectrochemical 

techniques were separately developed by different research groups in different periods 

by using different experimental setups (Table 1), although they were developed with a 

common objective, to some extent. 
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Table 1. List of photoelectrochemical systems used to perform electrochemical 

measurements of molecular substrates in homogeneous solution under photoirradiation. 

 

Section Photoelectrochemical System Period Working Electrode Light Targeta) 

2.1. Photopolarography 1960s- dropping mercury electrode continuous / pulse A 

2.2. Rotating photoelectrode technique 1970s- rotating electrode continuous A 

2.3. Photomodulation voltammetry 1980s- planar electrode pulse B, C 

a) A: detection of intermediates of photochemical reactions, B: analysis of redox potentials of transient species, C: analysis of lifetimes of transient 

species.  
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2. Overview of photoelectrochemical systems for molecular substrates  

 

2.1. Photopolarography 

 

The research on electrochemical measurements of molecular substrates in 

solution under photoirradiation began with the detection of the photocurrent attributed 

to photochemically generated species by using a mercury electrode. [20-42] This system, 

photopolarography, was first reported by Berg et al. in 1960. In a typical setup in this 

system, an electrochemical cell composed of a three-electrode configuration in 

conjunction with a potentiostat is used (Fig. 1). Photochemical reaction is initiated by 

irradiating the solution with either a continuous or a flashing light close to a dropping 

mercury electrode used as the working electrode.  

In pioneering work by Berg and coworkers, [23] the photodimerization reaction 

of benzophenone (Eqs. (1)-(4) in Scheme 1) was analyzed. A solution of benzophenone 

in an isopropanol-water mixed solvent with sodium hydroxide was photoirradiated by a 

high-pressure mercury lamp or argon lamp, and chronoamperometry was performed on 

the solution by using photopolarography. As a result, current was observed, which was 

attributed to the oxidative reactions of a benzophenone ketyl radical and a benzopinacol 

anion (Eqs. (5) and (6) in Scheme 1). The rate constant (k) of the dimerization reaction 

of the benzophenone ketyl radical (Eq. (4) in Scheme 1) was evaluated from the 

current-time curve. The authors also investigated the photochemical reaction kinetics of 

hydroquinones [20-22,26] and other organic compounds [24-32].  
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Scheme 1. Eqs. (1)-(4): Reaction sequence of the photolysis of benzophenone in a basic 

isopropanol-water solvent. Eqs. (5)-(6): Electrochemical reaction of the electroactive 

species formed during photolysis. 
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This system was also applied to the photochemical reaction of a metal complex 

by Imai and coworker. [33] In this study, the photochemical reduction of 

trisoxalatoferrate(III) ([Fe(ox)3]
3−

) in the presence of potassium oxalate was analyzed. 

In this reaction, the excited state of [Fe
III

(ox)3]
3−

, i.e., [Fe
III

(ox)3]
3−*

, is reduced by an 

oxalate anion, thus yielding the reduced species [Fe
II

(ox)3]
4−

 (Eqs. (7) and (8) in 

Scheme 2) Chronoamperometry of [Fe(ox)3]
3−

 in aqueous solution with potassium 

oxalate under continuous photoirradiation detected the anodic current corresponding to 

the oxidation of [Fe
II

(ox)3]
4−

 (Eq. (9) in Scheme 2). 

 

Scheme 2. Eqs. (7), (8): Reaction sequence of the photolysis of [Fe(ox)3]
3−

 with an 

oxalate anion. Eq. (9): Electrochemical reaction of the electroactive species generated 

by the photolysis. 

 

As described above, analyzing the current-time profiles obtained by 

photopolarography enabled the kinetic study of several types of photochemical reactions. 

However, this approach is inaccurate because of the general difficulty in developing a 

theory for kinetic currents at the dropping electrode. Moreover, the second-order kinetic 

processes due to the expanding mercury drop create additional complications in 

analyzing the obtained current responses. To overcome the problems of this initially 

developed photopolarography system, a system using a hanging mercury drop electrode, 

which steadily releases drops of mercury during an experiment, was developed. [35-42] 

Because this system can provide the steady surface of the electrode, the complication in 

current response caused by the growing surface area of a dropping electrode has been 

overcome. As a result, the quantitative accuracy of the kinetic analysis was improved.  
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Fig. 1. A typical photopolarography
 
setup. 
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2.2. Rotating photoelectrode technique 

 

The second system for electrochemical measurements under photoirradiation 

was developed by Johnson and coworkers in 1972. [43] They used a modified rotating 

electrode, the rotating photoelectrode (RPE) (Fig. 2), to study the photochemical 

reactions in solution. The RPE is composed of an inert-metal ring electrode and an 

optically transparent disk. A collimated beam of light is passed through the transparent 

disk of the RPE. The products of photochemical reactions occurring in the vicinity of 

the disk are transported by convective-diffusional processes to the surface of the ring 

electrode, and the electrochemical responses of the products are detected. 

In this system, the change in the rotating speed of the RPE provides 

information that can be used to characterize the electrochemically detected species. A 

general reaction sequence of photolysis is shown in Scheme 3. In this reaction, A is 

initially converted to B by photoexcitation, and the subsequent chemical reaction yields 

the product, C. If B is electrochemically active and C is not, the ring current should 

increase as the rotational velocity of the photoelectrode increases. Conversely, if C is 

electrochemically active and B is not, the ring current will decrease as the rotational 

velocity increases. 

 

Scheme 3. Eq. (10): Photoexcitation process. Eq. (11) Subsequent chemical reaction. 

 

In the first report by Johnson and coworkers, [43] photolysis of benzophenone 

and [Fe(ox)3]
3−

 was investigated using the RPE system. Controlled potential electrolysis 

(CPE) of benzophenone was performed in an ethanol-water solution with sodium 

hydroxide at E = −0.8 V vs. SCE under photoirradiation, and current attributed to the 

oxidation of the benzophenone ketyl radical (Eq. (5) in Scheme 1) was observed. 

Notably, only the ketyl radical is an electrochemically active species under the applied 

conditions. In the photochemical reaction of benzophenone, a ketyl radical of 

benzophenone is generated by the chemical reactions (Eqs. (2) and (3) in Scheme 1) that 
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proceed after the photoexcitation (Eq. (1)), and the further reaction of a ketyl radical 

yields a benzopinacol anion (Eq. (4)). In other words, a ketyl radical can be regarded as 

a reactive intermediate in this photochemical reaction. In fact, the plot of the ring 

current as a function of the angular velocity of electrode rotation, ω, has a positive slope, 

thus suggesting that the reactive intermediate is electroactive.  

In the case of [Fe
III

(ox)3]
3−

, CPE was performed using RPE in an aqueous 

solution with sulfuric acid at E = 0.55 V, and current attributed to the oxidation of 

[Fe
II

(ox)3]
4−

 was observed. In the photochemical reaction of [Fe
III

(ox)3]
3−

, flash 

photolysis results in the production of a metastable intermediate, and the further 

reaction of the intermediate yields [Fe
II

(ox)3]
4−

 and carbon dioxide as the final products. 

In CPE experiment, the current attributed to the oxidation of [Fe
II

(ox)3]
4−

 decreased as 

ω was increased, as expected if [Fe
II

(ox)3]
4−

 is produced by the chemical reaction of a 

metastable photoproduct.  

The authors also described a digital simulation of the processes occurring at the 

RPE that affect the production, consumption, and mass transport of the photoproducts. 

[44] The current response obtained by the RPE system was analyzed by digital 

simulation to investigate the kinetics of the photodimerization of benzophenone. The 

obtained rate constant was in fairly good agreement with the literature values obtained 

by other methods. 

Mann and coworkers applied the RPE system to voltammetric study. [46] In 

their study, photolysis of CpFe(η
6
-p-xyl)

+
 (Cp

−
 = η

5
-C5H5

−
; xyl = xylene) (Eqs. (12) and 

(13) in Scheme 4) was analyzed. Linear sweep voltammetry of CpFe(η
6
-p-xyl)

+
 in an 

acetonitrile solution with tetra-n-butylammonium hexafluorophosphate was performed 

under photoirradiation. Photocurrent due to the oxidation of CpFe(CH3CN)3
+
 

intermediate (Eq. (14) in Scheme 4) was detected at ω = 267 rad/s.   
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Scheme 4. Eqs. (12), (13): Reaction sequence of photolysis of CpFe(η
6
-p-xyl)3

+
 in 

acetonitrile. Eq. (14): Electrochemical reaction of electroactive species generated during 

the photolysis. Eq. (15): Chemical reaction of the electrochemically generated species. 

 

 

Figure. 2. A typical setup of the rotating photoelectrode technique.  
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2.3. Photomodulation voltammetry 

 

Photomodulation voltammetry (PMV) [52-62] was developed by Wayner and 

coworkers in 1986. This system increases the sensitivity of electrochemical detection 

under photoirradiation by adopting the modulation principle in electrochemical 

measurements. In a typical setup, an electrochemical cell composed of a three-electrode 

configuration is used. A flashlight is used as a light source to create a transient 

population of the unstable species to be investigated within the electrochemical cell (Fig. 

3). Wayner and coworkers succeeded in directly determining the redox potentials of 

some transient free radicals by using this system. [52-57] In their studies, short-lived 

transient species such as radicals were produced by photolysis by using a flash lamp, 

and voltammograms were measured. Notably, the PMV system can detect the redox 

current of short-lived transient species at low concentration. The shape of a 

voltammogram measured by PMV is typically sigmoidal with a defined 

diffusion-limited plateau, and the redox potentials of the transient species are 

determined from the voltammogram. Additionally, Wayner and coworkers analyzed the 

results of their experiments by digital simulation, and the lifetime of the short-lived 

transient species and the rate of the electron transfer were successfully obtained. [56]  

Subsequently, PMV was started to be used to determine the redox potentials of 

photoexcited molecules. Fox and coworker used the PMV system to determine the 

oxidation and reduction potentials of metal complexes in photo-excited states. [61] The 

excited metal-to-ligand charge-transfer states of several ruthenium polypyridyl 

complexes ([RuL3]
2+

 L = 2,2’-bipyridine (bpy), 4,4’-dimethyl-2,2’-bipyridine (dmb), 

phenanthroline (phen), or bipyrazine (bpz)) (Scheme 5) were analyzed. Linear sweep 

voltammetry of these compounds was performed with the PMV system. The current in 

the voltammetry showed a sigmoidal shape with a defined diffusion-limited plateau, and 

the redox potentials of the corresponding excited states were obtained. The redox 

potentials obtained in this analysis were roughly consistent with the excited-state 

potentials of these compounds calculated from the Rehm-Weller equation [66]. A 

similar investigation was also performed with two organic triplet states (anthracene and 

triphenylene).  
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Scheme 5. Photoexcitation of [RuL3]
2+

 and redox reaction of [RuL3]
2+

*.
 

 

 

Figure. 3. A typical setup of photomodulation voltammetry.  
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3. Aim of this thesis 

 

As described above, several photoelectrochemical systems have been 

developed to measure the electrochemical responses of a solution under photoirradiation. 

To further expand this research area, a system to measure cyclic voltammetry, which is 

one of most commonly used electrochemical methods in recent years, under 

photoirradiation should be developed. However, the cyclic voltammograms of solutions 

under photoirradiation by using the previously developed systems, i.e., 

photopolarography, the rotating photoelectrode technique and photomodulation 

voltammetry, have rarely been reported.  

In this thesis, the author aimed to develop a novel photoelectrochemical system 

for in-situ cyclic voltammetry under photoirradiation. The author assumed that the lack 

of reports is because the previously reported systems have limitations that make them 

unsuitable for cyclic voltammetry, which requires a quiescent solution under 

diffusion-limited mass transfer: in photopolarography, the solution near the surface of 

the electrode is not fully illuminated because the drop shadows the side opposite the 

lamp, in the rotating photoelectrode technique, the forced convection of the solution 

occurs near the surface of the electrode, and in photomodulation voltammetry, the light 

is irradiated intermittently. Thus we started with the development of experimental 

technique that can afford such diffusion-limited conditions even under photoirradiation. 
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4. Survey of this thesis 

 

Chapter 1 describes the development of a novel photoelectrochemical system 

to perform cyclic voltammetry on a photoirradiated solution. The investigation started 

by measuring cyclic voltammograms of ferrocene (Fc), Fe(C5H5)2, under 

photoirradiation. A custom-made electrochemical cell (Fig. 4) was used for 

measurements. Fc exhibits reversible redox behavior in various electrochemical 

conditions and is a photochemically inactive metal complex. Therefore, the 

electrochemical properties of Fc are expected to be unchanged upon photoirradiation. 

However, the shape of cyclic voltammogram drastically changed from a reversible wave 

to a sigmoidal shape under photoirradiation. Moreover, a sigmoidal-shaped 

voltammogram was obtained even under light that could not be absorbed by Fc (λ > 570 

nm). These observations strongly indicate that the changes in the cyclic voltammograms 

did not originate from the photochemical reaction of Fc. Therefore, it is reasonable to 

presume that the photoirradiation generates convection due to local increases in 

temperature, and the mass transfer subsequently induced by this convection affected the 

electrochemical response. On the basis of the above results, the author examined several 

systems to decrease the current change under photoirradiation, and found that fast 

scanning and thin layer voltammetry suppressed the aforementioned unfavorable current 

change under photoirradiation. 

 

    

Figure. 4. The setup of thin layer voltammetry under photoirradiation.  
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As a further extension of the study, in Chapter 2, several attempts were 

performed to determine the redox potentials of a well-known metal-complex-based dye, 

tris(2,2'-bipyridyl)ruthenium(II) ([Ru(bpy)3]
2+

). The thin layer voltammetric system 

was used in this study because it allows both the precise determination of redox 

potentials and the detection of redox species that exhibit slow electron transfer. In the 

voltammogram measured under photoirradiation, a broad peak appeared at 

approximately +0.8 V vs. SCE (Fig. 5), and the potential of the peak was similar to the 

reported value of the reduction potential of [Ru(bpy)3]
2+

*. Moreover, the intensity of 

the peak drastically decreased under an O2 atmosphere and was recovered by Ar 

bubbling. These results indicate that the peak originated from the triplet excited species 

of [Ru(bpy)3]
2+

, [Ru(bpy)3]
2+

* because this species is known to be quenched by triplet 

dioxygen. 

 

 

 

 

 

 

 

 

 

Figure. 5. Square wave voltammograms of [Ru(bpy)3]
2+

 with and without 

photoirradiation. 
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Chapter 3 describes the investigation of the electrochemical response of a catalytic 

system under photoirradiation to detect the intermediates during the photocatalysis. The 

electrochemical CO2 reduction reaction catalyzed by meso-tetraphenylporphyrin 

iron(III) chloride (Fe(tpp)Cl) [63, 64] was selected as a targeted reaction system, and 

the influence of photoirradiation on the catalytic reaction was analyzed by thin layer 

voltammetry. In the cyclic voltammogram of Fe(tpp)Cl under an Ar atmosphere, three 

reversible reduction waves were observed at −0.6, −1.5 and −2.1 V vs. 

ferrocenium/ferrocene (Fc
+
/Fc) (Fig. 6, black solid line). Under a CO2 atmosphere in 

dark conditions, a new anodic peak at approximately Epa = −1.7 V was observed (Fig. 6, 

blue dashed line) and was assigned as the oxidative Fe–CO reassociation, a side 

reaction of the catalytic reaction. The intensity of the irreversible wave dramatically 

decreased upon photoirradiation (Fig. 6, red solid line). Under photoirradiated 

conditions, the photoinduced decarbonylation reaction of [Fe
II

(tpp)-CO] proceeded to 

regenerate [Fe
II

(tpp)]. Subsequently, the regenerated [Fe
II

(tpp)] was reduced to 

[Fe
I
(tpp)] at the electrode. As a result, the irreversible wave attributed to the side 

reaction was offset by the current attributed to the reduction of [Fe
II

(tpp)]. In other 

words, the product formed by the side reaction in the catalytic system was smoothly 

converted by photoirradiation, and the electrochemical response attributed to this 

photoreaction was successfully observed.  

 

    

Figure. 6. Cyclic voltammograms of Fe(tpp)Cl with and without photoirradiation under 

a CO2 atmosphere (right) and reaction mechanism of CO2 reduction by Fe(tpp)Cl. 
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Chapter 1 

 

Development of in-situ cyclic voltammetry under photoirradiation 

 

1. Introduction 

 

Photochemical reactions of molecular compounds have been widely studied 

due to their future potential applications such as artificial photosynthesis as well as their 

fundamental importance in chemistry. To understand the mechanisms of photochemical 

reactions, analysis of intermediates generated during the reactions is essential. In this 

context, in-situ electrochemical analysis of molecular substrates under photoirradiation 

can be a powerful technique to investigate the photochemical reaction mechanisms. As 

mentioned in General Introduction, there have been many reports on 

photoelectrochemical systems that can measure the electrochemical responses of 

molecular substrates in a homogeneous solution under photoirradiation, i.e., 

photopolarography [1-24], the rotating photoelectrode technique [1,25-33] and 

photomodulation voltammetry [34-44]. However, cyclic voltammetry under 

photoirradiation by using these photoelectrochemical techniques have rarely been 

demonstrated, although cyclic voltammetry is one of most commonly used 

electrochemical methods in recent years to evaluate electronic structures of molecular 

substrates. 

In this chapter, the author reports a novel photoelectrochemical system for 

in-situ cyclic voltammetry under photoirradiation. To investigate the reason why in-situ 

cyclic voltammetry under photoirradiation is difficult, we used a photochemically 

inactive metal complex as a molecular substrate, and performed in-situ cyclic 

voltammetry under photoirradiation. As a result, we found experimental conditions that 

can afford a quiescent solution under diffusion-limited mass transfer, which is required 

for measurements of cyclic voltammetry, even under photoirradiation.  
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2. Results 

 

Electrochemical measurements were performed using a custom-made 

electrochemical cell with coolant to maintain the temperature of the sample solution 

during the measurement (Fig. 1). Ferrocene (Fc), which exhibits reversible redox 

behavior in various electrochemical conditions [45] and is a photochemically inactive 

metal complex, was adopted as a redox probe. The electrochemical properties of Fc are 

expected to be unchanged upon photoirradiation because the lifetime of the 

photoexcited triplet state of Fc is quite short (0.6 ns) [46]. Thus, the influence of the 

side effects induced by photoirradiation can be extracted from the electrochemical 

measurements of Fc under photoirradiation. 

 

 

Figure 1 Custom-made photoelectrochemical cell. Schematic illustration (left) and a 

photograph (right) are shown. The coolant was set to 20 °C to maintain a constant 

sample temperature during measurement. d indicates the thickness of the solution layer. 
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The electrochemical behavior of Fc in acetonitrile under photoirradiation by a 

Xe lamp with a CM-1 cold mirror (400–800 nm) was investigated by cyclic 

voltammetry (CV) and chronoamperometry. Figure 2a shows the cyclic voltammograms 

of Fc with and without light irradiation. The reversible wave attributed to the redox 

process between Fc and ferrocenium (Fc
+
) was observed without light irradiation. In 

contrast, under photoirradiation, the peak shape became sigmoidal, and the limiting 

current was observed. In chronoamperometry at +0.2 V (vs. Fc
+
/Fc), an increase in 

current was observed repeatedly upon photoirradiation (Fig. 2b). 
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Figure 2 Relationship between the optical properties of Fc and the electrochemical 

response. (a) Cyclic voltammograms of Fc (0.2 mM) in 0.1 M TBAP acetonitrile 

solution with photoirradiation (red, 400 nm < λ < 800 nm) and without photoirradiation 

(blue) under an Ar atmosphere (WE: GC; CE: Pt wire; RE: Ag
+
/Ag; scan rate: 5 mV s

-1
). 

(b) Current responses to photoirradiation (400 nm < λ < 800 nm) in the 

chronoamperograms (0.2 V vs. Fc
+
/Fc) of Fc (0.2 mM) in 0.1 M TBAP acetonitrile 

solution under an Ar atmosphere (WE: GC; CE: Pt wire; RE: Ag
+
/Ag). (c) UV-Vis 

absorption spectrum of Fc (4 mM) in acetonitrile. (d) Cyclic voltammograms of Fc (0.2 

mM) in a 0.1 M TBAP acetonitrile solution under photoirradiation (red, 570 < λ < 800 

nm) and in the dark (blue) under an Ar atmosphere (WE: GC; CE: Pt wire; RE: Ag
+
/Ag; 

scan rate: 5 mV s
-1

). The shapes of the cyclic voltammograms dramatically changed 

upon photoirradiation regardless of the irradiation wavelength.  
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To identify the origin of this phenomenon, the temperature of the sample 

solution was measured. However, a large elevation in the temperature of the solution 

was not observed within the timescale of the electrochemical measurements performed 

in this study (Fig. 3). Note that small increases in temperature do not affect the 

electrochemical response of Fc because the reversibility of the redox process is 

maintained at 248.15–298.15 K [47]. Therefore, a change in the global temperature of 

the sample solution was not the cause of the electrochemical response under 

photoirradiation. Subsequently, CV was performed using light that cannot be absorbed 

by Fc (λ > 570 nm, Fig. 2c). Even in this case, a sigmoidal voltammogram was also 

obtained, as depicted in Figure 2d, suggesting that the changes in the cyclic 

voltammograms were not related to the photochemical properties of Fc. The sigmoidal 

shape observed in CV under photoirradiation indicated that the diffusion layer was 

affected by the mass transfer induced by convection [48]. These results suggested that 

the photoirradiation may have generated convection due to local increases in 

temperature, and the mass transfer subsequently induced by this convection affected the 

electrochemical responses. 

 

 

Figure 3 Temperature distribution of an acetonitrile solution containing Fc (0.2 mM) 

and TBAP (0.1 M) in the custom-made cell.  
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Based on the above results, we aimed to decrease the current change under 

photoirradiation. First, measurements were performed using a rotating disk electrode 

(RDE) [49] as the working electrode. RDEs can generate an extremely thin diffusion 

layer by forcing convection via the rotation of the electrode. In fact, upon increasing the 

rotating speed of the working electrode, the cyclic voltammograms under 

photoirradiation gradually became similar in appearance to those in the absence of 

photoirradiation (Fig. 4). This result indicates that the convection induced by 

photoirradiation was negated by the forced convection of the RDE electrode. 

  



- 32 - 

 

 

Figure 4 Cyclic voltammograms of Fc with various rotation speeds of RDE with and 

without photoirradiation. Measurements were performed in a 0.1 M TBAP acetonitrile 

solution under an Ar atmosphere, and the concentration of Fc was adjusted to 0.2 mM. 

The red and blue lines are the cyclic voltammograms under photoirradiation (400 nm < 

λ < 800 nm) and in the dark, respectively. r indicates the rotation speeds of the working 

electrode. (WE: GC; CE: Pt wire; RE: Ag
+
/Ag; scan rate: 10 mV s

−1
). 
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Next, the effect of the scan rate on the electrochemical response under 

photoirradiation was examined to identify more easily accessible conditions for 

suppressing convection. As shown in Figure 5, although a relatively fast scan rate, 

which is not suitable for detecting redox species that exhibit slow electron transfer, was 

required, the current change was effectively suppressed by increasing the scan rate. In 

general, the thickness of the diffusion layer (μ) changes with time (t), and μ is on the 

order of μ = (Dt)
1/2

 (D: diffusion coefficient) [50]. Therefore, as the scan rate increases, 

μ becomes small. In this situation, the mass transfer of Fc and Fc
+
 around the electrode 

is predominantly determined by the electrochemical reaction, and the effect of the 

convection induced by photoirradiation becomes negligible. 
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Figure 5 Dependence of the cyclic voltammograms of Fc on the scan rate with and 

without photoirradiation. Measurements were performed in a 0.1 M TBAP acetonitrile 

solution under an Ar atmosphere, and the concentration of Fc was adjusted to 0.2 mM. 

The red and blue lines are the cyclic voltammograms under photoirradiation (400 nm < 

λ < 800 nm) and in the dark, respectively. v indicates the scan rate of each measurement. 

(WE: GC; CE: Pt wire; RE: Ag
+
/Ag).  
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Finally, thin layer cyclic voltammetry (TLCV) [51] was used as a simple and 

versatile technique to evaluate electrochemical properties under photoirradiation. This 

technique allows us to perform electrochemical measurements without considering the 

convection within a cell, and thus the effect of convection is expected to be excluded. 

To assess the validity of our strategy, the thickness of the solution layer (d, Fig. 1) was 

changed by adjusting the position of the working electrode. The sigmoidal-shaped 

voltammogram gradually changed to a reversible shape with reducing d, and the 

reversible redox wave of Fc was observed even at slow scan rates (5 mV s
-1

) when d 

was smaller than 0.25 mm (Fig. 6). The similar results were observed in various 

solutions with the thin layer technique (Fig. 7). 
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Figure 6 Dependence of the cyclic voltammograms of Fc on the layer thickness with 

and without photoirradiation. Measurements were performed in a 0.1 M TBAP 

acetonitrile solution under an Ar atmosphere, and the concentration of Fc was adjusted 

to 0.2 mM. The red and blue lines are the cyclic voltammograms under photoirradiation 

(400 nm < λ < 800 nm) and in the dark, respectively. d indicates the thickness of the 

solution layer. (WE: GC; CE: Pt wire; RE: Ag
+
/Ag; scan rate: 5 mV s

−1
). 
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Figure 7 Thin layer cyclic voltammograms of Fc in various solution systems with and 

without photoirradiation. Measurements were performed in 0.1 M TBAP solutions 

under an Ar atmosphere, and the concentration of Fc was adjusted to 0.2 mM. The 

thickness of the solution layer (d) was 0.25 mm. The red and blue lines are the cyclic 

voltammograms under photoirradiation (400 nm < λ < 800 nm) and those in the dark, 

respectively (WE: GC; CE: Pt wire; RE: Ag
+
/Ag; scan rate: 5 mV s

−1
). 
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3. Discussions 

 

The electrochemical measurement of homogeneous solutions under 

photoirradiation is difficult for numerous reasons. In cyclic voltammetry, which is most 

frequently used technique to determine redox potentials, the oxidation/reduction of 

electroactive molecule creates a concentration gradient at the electrode surface. 

Subsequently, the current which is proportional to concentration gradient near the 

electrode surface flows if the electron transfer is fast enough [50]. The redox potentials 

of molecules can be precisely evaluated when the concentration gradient is mainly 

determined by the electrochemical reaction. However, as described in the previous 

section, photoirradiation induces convection, and this convection generates the 

concentration gradient that disturbs the molecular diffusion. As a result, cyclic 

voltammograms become sigmoidal in shape because the electrochemical signal 

originating from convection, which is essentially unrelated to the properties of the 

molecules, dominates, and the determination of the redox potential is not possible. 

To overcome this problem, the RDE technique and measurements using fast 

scan rates were adopted. As shown in Figures 4 and 5, we succeeded in suppressing the 

disturbance of mass transfer induced by convection and in collecting substantial data of 

electrochemical measurements under photoirradiation by thinning the diffusion layer. 

Additionally, the TLCV technique was also employed, and the influence of 

photoirradiation was found to become negligible (Fig. 6) when limiting the thickness of 

the solution layer to less than 0.25 mm. 
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4. Conclusions 

 

The author has designed a novel photoelectrochemical system to perform cyclic 

voltammetry on a photoirradiated solution. Ferrocene (Fc), which exhibits reversible 

redox behavior in various electrochemical conditions and is a photochemically inactive 

metal complex, was adopted as a redox probe. The electrochemical measurements were 

performed with a custom-made photoelectrochemical cell with coolant to keep the 

temperature of solution. Although the electrochemical properties of Fc are expected to 

be unchanged upon photoirradiation, the shape of cyclic voltammogram drastically 

changed from a reversible wave to a sigmoidal shape under photoirradiation. 

Furthermore, the sigmoidal-shaped voltammograms were obtained even if the 

wavelength of the light was set to the region in which the absorption band of ferrocene 

does not exist. These results strongly indicate that the changes in the cyclic 

voltammograms did not originate from the photochemical reaction of Fc. Therefore, it is 

reasonable to presume that the photoirradiation generates convection due to local 

increases in temperature, and the mass transfer subsequently induced by this convection 

affected the electrochemical response. To overcome this problem, several systems were 

examined to decrease the current change under photoirradiation, and eventually found 

that two systems (fast scanning and thin layer voltammetry) suppressed the 

aforementioned unfavorable current change under photoirradiation. This novel system is 

an important step to develop the electrochemical analysis of molecular substrates in 

homogeneous solution under photoirradiation. 
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5. Experimental Section 

 

5.1. Materials 

Ferrocene (Fc) and Na2SO4 were purchased from Wako Pure Chemical 

Industries, Ltd. Acetonitrile (HPLC grade) and propylene carbonate (for 

electrochemistry) were purchased from the Kanto Chemical Co., Inc. 

Tetra(n-butyl)ammonium perchlorate (TBAP) was purchased from Tokyo Chemical 

Industry Co., Ltd. All solvents and reagents were of the highest quality available and 

were used as received, except for TBAP. TBAP was recrystallized from absolute 

ethanol and dried in vacuo. H2O was purified using a Millipore MilliQ purifier. Dry 

acetonitrile and dry dichloromethane were degassed and purified under N2 atmosphere 

using a GlassContour solvent system (Nikko Hansen Co., Ltd.). 

 

5.2. Measurements 

All electrochemical measurements were conducted under argon. A 

three-electrode configuration was employed in conjunction with a Biologic SP-50 

potentiostat interfaced to a computer with Biologic EC-Lab software. The 

measurements were performed using the system shown in Figure 1, with the exception 

of the rotating disk electrode (RDE) measurements. The RDE measurements were 

conducted using a BAS RRDE-3A at ambient temperature, 20 °C. The photoirradiation 

was performed using an ILC Technology CERMAX LX-300 Xe lamp (operated at 150 

W unless otherwise mentioned) equipped with a CM-1 cold mirror (400 nm < λ < 800 

nm). In some experiments, an OG570 longpass filter (λ > 570 nm, from SCHOTT) was 

used to select a specific wavelength region for photoirradiation. In all cases, a platinum 

wire counter electrode (diameter 0.5 mm, from BAS) and a GC disk working electrode 

(diameter 3 mm, from BAS) were used. The working electrode was treated between 

scans by means of polishing with 0.05 μm alumina paste (from BAS) and washing with 

purified H2O. For all measurements, an Ag
+
/Ag reference electrode was used. The 

supporting electrolyte was 0.1 M TBAP. The potentials reported within these 

measurements were referenced to the Fc
+
/Fc couple at 0 V. UV-visible absorption 

spectra were recorded on a SHIMADZU UV-1800 UV/Visible spectrophotometer.  
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Chapter 2 

 

Detection of photoexcited species by in-situ cyclic voltammetry under 

photoirradiation 

 

1. Introduction 

 

Photoinduced electron transfer (PET) is a key process in reactions that convert 

light energy to electrical or chemical energy, both in natural [1,2] and artificial systems 

[3-5]. The efficiency of PET, which largely affects the performance of these systems, is 

correlated with the redox properties of the photoexcited molecule, which transfers 

electrons or holes during the PET reaction. Hence, determining the redox potentials of 

photoexcited molecules is of great significance not only for understanding the 

mechanisms of PET reactions but also for achieving highly efficient light-energy 

conversion systems. Electrochemical analysis under photoirradiation should enable the 

measurement of the redox potentials of excited species. However, reports of the direct 

electrochemical detection of photoexcited molecules have been limited to only a few 

examples in which specialized photoelectrochemical instrumentation was required [6,7], 

and the redox potentials of excited states have more commonly been indirectly 

estimated using the 0-0 transition energy (E00) [8] or the quenching rate constant (kq) 

[9,10].  

As mentioned in Chapter 1, the author developed a novel photoelectrochemical 

system that can demonstrate in-situ cyclic voltammetry under photoirradiation. In this 

chapter, the author applied the technique to detect photoexcited species in PET 

reactions. 
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2. Results 

 

The results described in the previous chapter encouraged us to detect 

photoexcited species. In this experiment, the TLCV technique was employed because 

this simple technique allows both the precise determination of redox potentials and the 

detection of redox species that exhibit slow electron transfer (vide supra). A well-known 

metal complex based dye, tris(2,2’-bipyridyl)ruthenium(II) ([Ru(bpy)3]
2+

), which is 

known to have an excited state (
3
MLCT) with a long lifetime (t = 0.64 μs in water 

(20 °C) [11]), was adopted as the redox probe in this experiment. As shown in Figure 1a, 

one reversible peak, attributed to the Ru
III

/Ru
II
 redox couple, was observed in the 

measurement without photoirradiation. Upon photoirradiation, the redox wave 

attributed to the oxidation of Ru
II
 to Ru

III
 changed to an irreversible peak, and a new 

broad peak appeared at approximately +0.8 V (vs. SCE). Note that these changes upon 

photoirradiation occurred only when [Ru(bpy)3]
2+

 absorbed the irradiated light (Fig. 1), 

which implies that the generation of the photoexcited species of [Ru(bpy)3]
2+

, 

[Ru(bpy)3]
2+

*, was related to these photo responses. Further analysis of this 

phenomenon was performed by square wave voltammetry (SWV), which can minimize 

the contribution from the capacitive charging current and provide voltammograms with 

low background. Similar to the results of CV, a new peak appeared at +0.8 V vs. SCE 

only when the wavelength of the light overlapped with the absorption band of 

[Ru(bpy)3]
2+

 (Fig. 2). Furthermore, the peak appeared repeatedly in conjunction with 

photoirradiation (Fig. 3). It was also confirmed that the peak disappeared almost 

completely under an O2 atmosphere [11], and then reproduced after Ar bubbling (Fig. 

4). 
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Figure 1 Relationship between the optical properties of [Ru(bpy)3](NO3)2 and the 

electrochemical response. (a) Thin layer cyclic voltammograms of 

[Ru(bpy)3](NO3)2·5H2O (1 mM) in 0.1 M Na2SO4 aqueous solution under 

photoirradiation (red, 400 nm < λ < 800 nm; green, 570 nm < λ < 800 nm) and in the 

dark (blue) under an Ar atmosphere (WE: GC; CE: Pt wire; RE: SCE; scan rate: 5 mV 

s
−1

). (b) UV-Vis absorption spectrum of [Ru(bpy)3](NO3)2·5H2O (0.05 mM) in water. A 

drastic change in the shape of the cyclic voltammogram was observed when the solution 

was irradiated with visible light (400-800 nm). 
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Figure 2 Thin layer square wave voltammograms of [Ru(bpy)3](NO3)2·5H2O (1 mM) 

in a 0.1 M Na2SO4 aqueous solution under photoirradiation (red, 400 nm < λ < 800 nm; 

green, 570 nm < λ < 800 nm) and in the dark (blue) under an Ar atmosphere (WE: GC; 

CE: Pt wire; RE: SCE; scan rate: 5 mV s
−1

). Similar to the results of CV, a new peak 

appeared when the sample was irradiated with visible light (400-800 nm).  
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Figure 3 Thin layer square wave voltammograms of [Ru(bpy)3](NO3)2·5H2O (1 mM) 

in a 0.1 M Na2SO4 aqueous solution under photoirradiation (red, 400 nm < λ < 800 nm) 

and in the dark (blue) under an Ar atmosphere (WE: GC; CE: Pt wire; RE: SCE; scan 

rate: 5 mV s
−1

). The peak at approximately 0.8 V (vs. SCE) repeatedly appeared only 

when light was irradiated. 
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Figure 4 Thin layer square wave voltammograms of [Ru(bpy)3](NO3)2·5H2O (1 mM) 

in a 0.1 M Na2SO4 aqueous solution with photoirradiation (400 nm < λ < 800 nm) under 

an Ar atmosphere (red) and an O2 atmosphere (green). (WE: GC; CE: Pt wire; RE: SCE; 

scan rate: 5 mV s
−1

). 
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3. Discussions 

 

The results in Chapter 1 led us to investigate the photoelectrochemical 

properties of Ru(bpy)3
2+

, and electrochemical signals attributed to the photochemical 

reaction were successfully detected both by CV and SWV under thin layer conditions 

(Figs. 1-4).  

Figure 5 shows a schematic diagram of the principle of excited state 

voltammetry. Photoexcited species is generated upon absorption of a photon. Eox* and 

Ered* in Figure 5 indicate the oxidation and reduction potentials of the photoexcited 

species, respectively. When the potential of the working electrode (E) is between the 

first oxidation potential (Eox) and first reduction potential (Ered) (Ered < E < E ox), no 

redox reactions occur in the ground state. In the excited state, however, two opposite 

redox reactions, which are composed of the electron transfers from the photoexcited 

species to the electrode (oxidation) and from the electrode to the photoexcited species 

(reduction) occur at the same time. Therefore, the net current does not flow in this 

situation (a). When the electrode potential shifted more positive than Ered* (E > Ered*), 

the electron transfer from electrode to the photoexcited species corresponding to the 

oxidation of photoexcited species cannot occur, whereas the electron transfer from the 

photoexcited species to electrode can occur. Therefore, the anodic current flows and the 

resultant voltammogram gives the reduction potential of the excited state species, Ered* 

(b). By contrast, the oxidation potential of the excited state species, Eox*, is determined 

from the cathodic voltammogram appeared at a more negative potential than Eox* (E < 

Eox*) (c). The above interpretation was previously explained in Ref. 7. 

Based on the above interpretation, the peak at +0.8 V observed by SWV of 

Ru(bpy)3
2+

 under photoirradiation is considered the reduction potential of the excited 

species (Ered*) of Ru(bpy)3
2+

, [Ru(bpy)3]
2+

*. In addition, the Ered* value determined 

from the thin-layer SWV measurements under photoirradiation was found to be similar 

to the indirectly estimated values [8].  
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Figure 5 A schematic diagram of the principle of excited state voltammetry.  
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4. Conclusions 

 

As a further extension of the study in Chapter 1, the thin layer voltammetry 

was performed to determine the redox potentials of a well-known metal-complex-based 

dye, tris(2,2'-bipyridyl)ruthenium(II) ([Ru(bpy)3]
2+

). In the voltammogram measured 

under photoirradiation, a broad peak appeared at approximately +0.8 V (vs. SCE), and 

the potential of the peak was similar to the reduction potential of [Ru(bpy)3]
2+

* 

calculated from the Rehm-Weller equation and the potential determined by 

electrochemical measurements. Moreover, the intensity of the peak drastically decreased 

under an O2 atmosphere and was recovered by Ar bubbling. These results indicate that 

the peak originated from the triplet excited species of [Ru(bpy)3]
2+

, [Ru(bpy)3]
2+

* 

because this species is known to be quenched by triplet dioxygen. Although only the 

reduction potential of the [Ru(bpy)3]
2+

* was investigated in this work, this system has 

the possibility to apply for the detection of various photoexcited species. 
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5. Experimental Section 

 

5.1. Materials 

Na2SO4 was purchased from Wako Pure Chemical Industries, Ltd. 

[Ru(bpy)3](NO3)2·5H2O was prepared as previously described [13]. All solvents and 

reagents were of the highest quality available and were used as received. H2O was 

purified using a Millipore MilliQ purifier. 

 

5.2. Measurements 

All electrochemical measurements were conducted under argon. A 

three-electrode configuration was employed in conjunction with a Biologic SP-50 

potentiostat interfaced to a computer with Biologic EC-Lab software. The 

measurements were performed using the system shown in Figure 1 in Chapter 1. The 

photoirradiation was performed using an ILC Technology CERMAX LX-300 Xe lamp 

(operated at 150 W unless otherwise mentioned) equipped with a CM-1 cold mirror 

(400 nm < λ < 800 nm). In some experiments, an OG570 longpass filter (λ > 570 nm, 

from SCHOTT) was used to select a specific wavelength region for photoirradiation. In 

all cases, a platinum wire counter electrode (diameter 0.5 mm, from BAS) and a GC 

disk working electrode (diameter 3 mm, from BAS) were used. The working electrode 

was treated between scans by means of polishing with 0.05 μm alumina paste (from 

BAS) and washing with purified H2O. For all measurements, a saturated calomel 

electrode (SCE) was used for the reference electrode. The supporting electrolyte was 0.1 

M Na2SO4. UV-visible absorption spectra were recorded on a SHIMADZU UV-1800 

UV/Visible spectrophotometer. 
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Chapter 3 

 

Analysis of photocatalytic reaction by in-situ cyclic voltammetry under 

photoirradiation 

 

1. Introduction 

 

Artificial photosynthesis, which is a representative example of solar-energy 

conversion systems, has attracted much attention due to its potential application in 

renewable energy [1]. To construct such artificial photosynthetic systems, the 

development of efficient catalysts for reactions involving multi-electron transfer, such 

as CO2 reduction and water oxidation, is essential. There are two primary approaches to 

developing such catalysts: homogeneous [2] and heterogeneous systems [3]. 

Homogeneous catalysts such as metal complexes are advantageous for the analysis of 

their reaction mechanisms, including the respective photochemical and electrochemical 

processes, to allow for further modification of the catalyst design at the molecular level. 

To understand the detailed reaction mechanisms, the electrochemical response of the 

catalysts should be investigated under photoirradiation because the electrochemical 

process proceeds subsequent to the photochemical process in solar-energy conversion 

reactions. However, in general, the electrochemical and photochemical properties of 

molecular catalysts are separately evaluated using different experimental setups. To the 

best of our knowledge, there have been no reports on the electrochemical analysis of 

molecular catalytic systems in homogeneous solutions under photoirradiation. 

Recently, we established a method to perform electrochemical analysis of 

photoirradiated solutions [4]. In our previous report, we measured cyclic 

voltammograms of ferrocene (Fe(C5H5)2) under photoirradiation in a conventional 

electrochemical setup and obtained sigmoidal-shaped voltammograms that were 

unsuitable for the detailed analysis of the electrochemical processes. This result 

suggested that the photoirradiation may have generated convection due to local 

increases in temperature, and the mass transfer subsequently induced by this convection 
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affected the electrochemical responses. Based on this result, we aimed to decrease the 

unfavorable electrochemical response under photoirradiation and found three techniques 

(measurements with a rotating disk electrode (RDE), fast scanning, and thin layer cyclic 

voltammetry (TLCV)) that could suppress the aforementioned unfavorable current 

change. We also succeeded in detecting the electrochemical response of 

photochemically generated molecules using TLCV techniques. 

As a further extension of our study, in this work, we applied our 

photo-electrochemical method for the analysis of catalytic systems. As a catalytic 

system, the CO2 reduction reaction is an attractive target because molecules that can 

catalyze CO2 reduction are longstanding targets for direct electrolytic fuel synthesis. 

Moreover, the capture and the efficient use of CO2 is an important issue to resolve not 

only the shortage of fossil fuels but also global warming caused by increasing 

atmospheric CO2 concentrations. In this contribution, the influence of photoirradiation 

on the electrochemical CO2 reduction reaction catalyzed by meso-tetraphenylporphyrin 

iron(III) chloride (Fe(tpp)Cl) [5,6] was analyzed using the electrochemical technique. 
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2. Results and discussion 

 

A cyclic voltammogram of Fe(tpp)Cl measured by the conventional technique 

is shown in Figure 1a. The voltammograms were measured in 0.1 M 

tetra(n-butyl)ammonium perchlorate (TBAP)/N,N-dimethylformamide (DMF). Under 

an Ar atmosphere in dark conditions, the voltammogram displayed three reversible 

reduction waves at E1/2 (half-wave potentials) = −0.6, −1.5 and −2.1 V vs. 

ferrocenium/ferrocene (Fc
+
/Fc), which were assigned as Fe(III)/Fe(II), Fe(II)/Fe(I) and 

Fe(I)/Fe(0) redox couples, respectively [6]. Under photoirradiation using a Xe lamp 

with a CM-1 cold mirror (400-800 nm), the shape of the voltammogram dramatically 

changed, and the current that was attributed to the convection induced by the 

photoirradiation was observed. These results indicated that the analysis of the 

photoelectrochemical response of Fe(tpp)Cl was not allowed with the conventional 

technique. By contrast, the measurements using the TLCV technique with a layer 

thickness (d, Figure 1c) of 0.25 mm gave different results. As shown in Figure 1b, under 

dark conditions, three reversible redox waves were observed at approximately the same 

potentials as those obtained in the conventional measurement. Under photoirradiation, 

the same three reversible reduction waves were observed, maintaining the shape of the 

voltammogram. Therefore, the convection induced by photoirradiation was suggested to 

be suppressed in the TLCV measurements, and it was confirmed that the 

electrochemical measurement of Fe(tpp)Cl under photoirradiation could be performed 

using the TLCV technique. 
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Figure 1 (a) Cyclic voltammograms (d = 5 mm) with Fe(III)/Fe(II), Fe(II)/Fe(I) and 

Fe(I)/Fe(0) redox waves. (b) Thin layer cyclic voltammograms (d = 0.25 mm) with 

Fe(III)/Fe(II), Fe(II)/Fe(I) and Fe(I)/Fe(0) redox waves. (c) Schematic illustration of the 

thickness of the solution layer. CV measurements were performed with Fe(tpp)Cl (1 

mM) in a 0.1 M TBAP / DMF solution with photoirradiation (red, 400 nm < λ < 800 

nm) and without photoirradiation (blue) under an Ar atmosphere (WE: GC; CE: Pt wire; 

RE: Ag
+
/Ag; scan rate: 20 mV s

−1
). 

  

-14

-10

-6

-2

2

-2.5 -2.1 -1.7 -1.3 -0.9 -0.5

C
u

rr
e

n
t 

[μ
A

]

Potential [V vs. Fc+/Fc]

dark

light

-20

-15

-10

-5

0

5

-2.5 -2.1 -1.7 -1.3 -0.9 -0.5

C
u

rr
e

n
t 

[μ
A

]

Potential [V vs. Fc+/Fc]

dark

light

(a) (b) (c)

Working 
electrode

Thin layer
(d mm)

Solution



- 63 - 

 

TLCV measurements of Fe(tpp)Cl were also performed under a CO2 

atmosphere to analyze the catalytic reduction of CO2. In the voltammogram of 

Fe(tpp)Cl under dark conditions (Figure 2), the first and second reduction peaks were 

observed at the exact same potentials as those observed under Ar conditions. 

Additionally, large irreversible cathodic currents were observed at the potential 

corresponding to the Fe(I)/Fe(0) redox couple (−2.1 V vs. Fc
+
/Fc), indicating the 

electrocatalytic CO2 reduction to CO. In the subsequent anodic scan in the positive 

direction, the irreversible wave was observed at approximately Epa = −1.7 V vs. Fc
+
/Fc, 

and the original re-oxidation waves observed at Epa = −0.6 and −1.5 V under an Ar 

atmosphere were not detected (Figure 2, blue line). By contrast, under photoirradiation, 

the two reversible redox waves at E1/2 = −0.6 and −1.5 V and the catalytic currents at 

approximately −2.1 V were observed (Figure 2, red line). It should be noted that the 

intensity of the irreversible wave at Epa = −1.7 V, which was observed in the 

measurements under dark conditions, dramatically decreased in the voltammogram 

under photoirradiation. These results clearly indicated that photoirradiation largely 

affected the redox properties of Fe(tpp)Cl under a CO2 atmosphere. 

 

 

Figure 2 Thin layer cyclic voltammograms (d = 0.25 mm) of Fe(tpp)Cl (1 mM) in a 0.1 

M TBAP / DMF solution with photoirradiation (red, 400 nm < λ < 800 nm) and without 

photoirradiation (blue) under a CO2 atmosphere (WE: GC; CE: Pt wire; RE: Ag
+
/Ag; 

scan rate: 20 mV s
−1

). (a) Voltammograms with a catalytic current. (b) Enlarged 

voltammograms focusing on Fe(III)/Fe(II) and Fe(II)/Fe(I) redox waves.  
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To further understand this phenomenon, several electrochemical measurements 

were performed in thin-layer conditions under a CO2 atmosphere. First, 

chronoamperometry was performed both under photoirradiation and in the dark. The 

solution of Fe(tpp)Cl (1 mM) in DMF containing TBAP (0.1 M) was electrolyzed at the 

GC electrode with a cell operating potential of −2.3 V vs. Fc
+
/Fc while keeping the layer 

thickness as 0.25 mm. As shown in Figure 3, constant currents flowed during the 300 

seconds of electrolysis, and the intensities of the currents were almost the same 

irrespective of the photoirradiation. From these results, it was assumed that the catalytic 

current of CO2 reduction catalyzed by Fe(tpp)Cl was not affected by photoirradiation. 

 

 

Figure 3 Thin layer chronoamperograms (E = −2.3 V vs. Fc
+
/Fc, d = 0.25 mm) of 

Fe(tpp)Cl (1 mM) in a 0.1 M TBAP / DMF solution with photoirradiation (red, 400 nm 

< λ < 800 nm) and without photoirradiation (blue) under a CO2 atmosphere (WE: GC; 

CE: Pt wire; RE: Ag
+
/Ag). (a) Time vs. Current. (b) Time vs. Coulombs. 
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Second, the origin of the irreversible peak at approximately −1.7 V under the 

dark conditions was investigated by changing the negative edges of the potential sweep. 

Figure 4 shows the voltammograms of Fe(tpp)Cl for which the negative edges of the 

potential sweep were −2.5 (blue line), −2.2 (green line) and −2.1 V (red line). Although 

the shapes of the voltammograms were almost the same when the measurements were 

performed under photoirradiation, a clear difference was observed in the measurement 

under the dark condition. For the negative edge located at −2.1 V, which was more 

positive than the CO2 reduction potential catalyzed by Fe(tpp)Cl, the second redox 

wave was reversibly observed. By shifting the negative edges to the negative region, the 

irreversible peak at −1.7 V gradually appeared, and the intensity of the peak at Epa = 

−1.5 V decreased. These observations suggested that the flow of the large catalytic 

current induced the generation of the irreversible peak at −1.7 V.  

Finally, the dependence of the generation of the irreversible peak on the light 

intensity was investigated. Figure 5 shows the cyclic voltammogram of Fe(tpp)Cl 

under photoirradiation with different intensities of light (150 and 300 W). When the 

light intensity was increased, the peak height of the irreversible wave at −1.7 V 

decreased, and the original re-oxidation wave at Epa = −1.5 V increased. From these 

results, the generation of the irreversible peak around −1.7 V was presumed to be 

effectively suppressed by photoirradiation.  
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Figure 4 Thin layer cyclic voltammograms (d = 0.25 mm) of Fe(tpp)Cl (1 mM) in a 0.1 

M TBAP / DMF solution for which the negative edges of the potential sweep were −2.5 

V (blue), −2.2 V (green) and −2.1 V (red) (WE: GC; CE: Pt wire; RE: Ag
+
/Ag; scan 

rate: 20 mV s
−1

). (a) Voltammograms showing the negative edges of potential sweeping 

without photoirradiation. (b) Enlarged voltammograms focusing on Fe(III)/Fe(II) and 

Fe(II)/Fe(I) redox waves without photoirradiation. (c) Voltammograms showing the 

negative edges of potential sweeping with photoirradiation. (d) Enlarged 

voltammograms focusing on Fe(III)/Fe(II) and Fe(II)/Fe(I) redox waves with 

photoirradiation. 
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Figure 5 Thin layer cyclic voltammograms (d = 0.25 mm) of Fe(tpp)Cl (1 mM) in a 0.1 

M TBAP / DMF solution with photoirradiation in various light intensities (red, 150 W; 

green, 300 W) and without photoirradiation (blue) under a CO2 atmosphere (WE: GC; 

CE: Pt wire; RE: Ag
+
/Ag, scan rate: 20 mV s

−1
). (a) Voltammograms showing a 

catalytic current. (b) Enlarged voltammograms focusing on Fe(III)/Fe(II) and 

Fe(II)/Fe(I) redox waves. 

 

The aforementioned observations enabled us to describe the effect of 

photoirradiation on the redox properties of Fe(tpp)Cl in combination with the proposed 

catalytic cycle. The proposed reaction mechanism of electrocatalytic CO2 reduction by 

Fe(tpp)Cl was reported by Savéant et al. [6] and is summarized in Scheme 1. Initially, 

Fe(tpp)Cl is reduced from Fe(III) to Fe(0) by the sequential one-electron reduction 

processes; these processes were observed in the measurement under an Ar atmosphere 

(vide supra). The generated Fe(0) species react with CO2, and the CO2-bound 

complexes forms. Subsequent adduction of acid (in this case, the hydrated water of the 

catalyst) and the C-O bond cleavage reaction in coordination with proton transfer result 

in the formation of the CO-bound complex. Further reaction with the Fe(0) species 

leads to the generation of CO. It was also reported that CO generated by the catalytic 

reaction could bind to catalysts with the Fe(I) state as the side reaction of the CO2 

reduction reaction by Fe(tpp)Cl (I in Scheme 1), and the electrochemical response 

corresponding to this side reaction was observed at approximately −1.7 V. Similarly, the 

irreversible peak, which was attributed to the side reaction, was detected at −1.7 V in 
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our experiments using the TLCV technique in the dark condition. Furthermore, we 

found that the intensity of the peak decreased upon photoirradiation and, in some 

conditions, the electrochemical response of the side reaction could be suppressed. A 

reasonable explanation of this phenomenon is given by considering the photoinduced 

decarbonylation from carbonyliron tetraphenylporphyrin [7]. As shown in Figure 2b, the 

irreversible peak assigned to the oxidative Fe-CO reassociation ([Fe
I
(tpp)]


 + CO → 

[Fe
II
(tpp)CO] + e


, I in Scheme 1) was observed at Epa ≈ −1.7 V in the positive-direction 

sweeping in the dark condition. Under photoirradiated condition, the photoinduced 

decarbonylation reaction of [Fe
II
(tpp)CO] proceeds to afford [Fe

II
(tpp)] ([Fe

II
(tpp)CO] + 

h → [Fe
II
(tpp)] + CO) [7]. The photochemically generated [Fe

II
(tpp)] is successively 

reduced ([Fe
II
(tpp)] + e


 → [Fe

I
(tpp)]


, E1/2 ≈ −1.5 V, II in Scheme 1). As a result, the 

current attributed to the oxidative Fe-CO reassociation (I in Scheme 1) is offset by the 

current attributed to the reduction of the photochemically generated [Fe
II
(tpp)] (II in 

Scheme 1). In total, the electrochemical response of the side reaction in the catalytic 

system could be hindered by photoirradiation. 
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Scheme 1. Proposed mechanism of the catalytic reaction [6]. The coordination of 

solvent molecules and counter anions is in equilibrium [8] and omitted for clarity. 
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3. Conclusions 

 

In conclusion, the author first demonstrated the electrochemical analysis of a 

catalytic system under photoirradiation. A well-known catalyst for CO2 reduction, 

Fe(tpp)Cl, was selected as a target analyte, and the electrochemical response of the 

catalyst was successfully investigated using the TLCV technique. Under a CO2 

atmosphere, the catalytic current originating from CO2 reduction was observed both 

under the dark and light conditions. Under the dark conditions, an irreversible 

re-oxidation wave was observed at −1.7 V vs. Fc
+
/Fc in the voltammogram. Under 

photoirradiation, on the other hand, the intensity of the irreversible peak dramatically 

decreased; however, the intensities of the reversible peaks originating from the redox of 

the catalyst increased. Further electrochemical measurements with various conditions 

revealed that the generation of the irreversible peak depended on the negative edges of 

the potential sweep and the intensity of the light used in photoirradiation. Moreover, it 

was found that the original [Fe
II
(tpp)] complex is regenerated by the photoinduced CO 

dissociation from [Fe
II
(tpp)CO] based on the analysis of these electrochemical 

responses in combination with the proposed reaction mechanism. These results show 

that the method presented in this contribution has the possibility of analyzing various 

catalytic reactions. 
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4. Experimental Section 

 

4.1. Materials 

Pyrrole was purchased from Sigma-Aldrich Co., LLC. Benzaldehyde, 

propanoic acid, hydrochloric acid and ferrocene (Fc) were purchased from Wako Pure 

Chemical Industries, Ltd. FeCl2·4H2O and N,N-dimethylformamide (DMF) were 

purchased from Kanto Chemical Co., Inc. Tetra(n-butyl)ammonium perchlorate (TBAP) 

was purchased from Tokyo Chemical Industry Co., Ltd. All of the solvents and reagents 

were of the highest quality available and were used as received, except for TBAP and 

DMF for the electrochemical measurements. TBAP was recrystallized from absolute 

ethanol and dried in vacuo. DMF was degassed and purified under N2 atmosphere using 

a GlassContour solvent system (Nikko Hansen Co., Ltd.). 

 

4.2. Syntheses 

4.2.1. Synthesis of meso-tetraphenylporphyrin (H2(tpp)) 

H2(tpp) was prepared as previously described [9]. Pyrrole (1.7 mL, 25 mmol) 

and benzaldehyde (2.6 mL, 25 mmol) were dissolved in propanoic acid (50 mL), then 

refluxed for 1 h and cooled to room temperature. The resulting mixture was filtered and 

washed with methanol. Recrystallization from CH2Cl2/methanol gave a purple solid. 
1
H 

NMR (CDCl3): δ-2.80 (s, 2H), 7.71-7.78 (m, 12H), 8.19-8.21 (m, 8H), 8.82 (s, 8H). 

 

4.2.2. Synthesis of meso-tetraphenylporphyrin iron(III) chloride (Fe(tpp)Cl) 

Fe(tpp)Cl was prepared by the modification of a previous report [10]. To a 

solution of H2(tpp) (200 mg, 0.32 mmol) in N,N-dimethylformamide (DMF) (70 mL), a 

DMF (60 mL) solution of FeCl2·4H2O (388 mg, 1.95 mmol) was added dropwise at 

room temperature. The mixture was refluxed for 1 h and then cooled to room 

temperature. Diluted hydrochloric acid (HCl) (6 M, 80 mL) was added to the resulting 

solution. A purple solid was collected by filtration and washed with 3 M HCl. The 

compound was identified by elemental analysis. Found: C, 73.63; H, 4.21; N, 7.97. 

Calcd for C44H29.4ClFeN4O0.7 ([Fe(tpp)Cl]·0.7H2O): C, 73.74; H, 4.14; N, 7.82. 
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4.3. Measurements 

All of the electrochemical measurements were conducted under argon unless 

otherwise mentioned. A three-electrode configuration was employed in conjunction 

with a Biologic SP-50 potentiostat that interfaced with a computer with Biologic 

EC-Lab software. The measurements were performed using the system shown in Figure 

1 in Chapter 1 to avoid photoirradiation of the reference electrode and the counter 

electrode. The photoirradiation was performed using an ILC Technology CERMAX 

LX-300 Xe lamp (operated at 150 W unless otherwise mentioned) equipped with a 

CM-1 cold mirror (400 nm < λ < 800 nm). In all cases, a platinum wire counter 

electrode (diameter 0.5 mm, from BAS) and a glassy carbon (GC) disk working 

electrode (diameter 3 mm, from BAS) were used. The working electrode was treated 

between scans by means of polishing with 0.05-μm alumina paste (from BAS) and 

washing with purified H2O. For all measurements, an Ag
+
/Ag reference electrode was 

used. The supporting electrolyte was 0.1 M TBAP. The potentials reported within these 

measurements were referenced to the Fc
+
/Fc couple at 0 V. 
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