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The electrochemical detection of metal complexes in the photoexcited state is important for understanding
photoinduced electron transfer (PET) processes, which play a central role in photo-energy conversion
systems. In general, however, the redox potentials of excited states have been indirectly estimated by a
combination of spectroscopic properties and ground-state redox potentials. To establish a simple method
for directly determining the redox potentials of the photoexcited states of metal complexes, electrochemical
measurements under several conditions were performed. The electrochemical response was largely
influenced not only by the generation of photoexcited molecules but also by the convection induced by
photoirradiation, even when the global temperature of the sample solution was unchanged. The suppression
of these unfavourable electrochemical responses was successfully achieved by adopting well-established
electrochemical techniques. Furthermore, as an initial demonstration, the photoexcited state of a Ru-based
metal complex was directly detected, and its redox potential was determined using a thin layer
electrochemical method.

P
hotoinduced electron transfer (PET) is a key process in reactions that convert light energy to electrical or
chemical energy, both in natural1,2 and artificial systems3–5. 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 elec-
trochemical detection of photoexcited molecules have been limited to only a few examples in which specialised
photoelectrochemical instrumentation was required6,7. This limitation may be due to the difficulty to avoid the
complication of voltammogram profiles that arises from the unintended side effects of photoirradiation, such as
temperature increases and enhanced mass transfer. Thus, 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. Therefore, the establishment of a versatile methodology for electrochemical measurements under photo-
irradiation will provide new insights into PET phenomena.

In this contribution, we report simple and convenient methods for determining the redox potentials of metal
complexes under photoirradiation. The current response arising from the side effects induced by photoirradia-
tion was effectively suppressed by adopting several electrochemical techniques. Moreover, the direct electro-
chemical detection of a metal complex in a photoexcited state was also achieved.

Results
Electrochemical measurements were performed using a custom-made electrochemical cell with coolant to main-
tain the temperature of the sample solution during the measurement (Fig. 1). Ferrocene (Fc), which exhibits
reversible redox behaviour in various electrochemical conditions11 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)12. Thus, the
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influence of the side effects induced by photoirradiation can be
extracted from the electrochemical measurements of Fc under
photoirradiation.

The electrochemical behaviour of Fc in acetonitrile under photo-
irradiation 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 (Fc1) was observed without light irra-
diation. In contrast, under photoirradiation, the peak shape became
sigmoidal, and the limiting current was observed. In chronoampero-
metry at 10.2 V (vs. Fc1/Fc), an increase in current was observed
repeatedly upon photoirradiation (Fig. 2b).

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
(Supplementary Figure 1 in the Supplementary Information). Note
that small increases in temperature do not affect the electrochemical
response of Fc because the reversibility of the redox process is main-
tained at 248.15–298.15 K13. Therefore, a change in the global tem-
perature 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 (l .

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 photo-
irradiation indicated that the diffusion layer was affected by the mass
transfer induced by convection14. 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.

Based on the above results, we aimed to decrease the current
change under photoirradiation. First, measurements were performed
using a rotating disk electrode (RDE)15 as the working electrode.
RDEs can generate an extremely thin diffusion layer by forcing con-
vection 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. 3). This result indicates
that the convection induced by photoirradiation was negated by the
forced convection of the RDE electrode.

Next, the effect of the scan rate on the electrochemical response
under photoirradiation was examined to identify more easily access-
ible conditions for suppressing convection. As shown in Figure 4,
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 (m) changes with time
(t), and m is on the order of m 5 (Dt)1/2 (D: diffusion coefficient)16.
Therefore, as the scan rate increases, m becomes small. In this situ-
ation, the mass transfer of Fc and Fc1 around the electrode is pre-
dominantly determined by the electrochemical reaction, and the
effect of the convection induced by photoirradiation becomes
negligible.

Finally, thin layer cyclic voltammetry17 (TLCV) was used as a
simple and versatile technique to evaluate electrochemical properties
under photoirradiation. This technique allows us to perform electro-
chemical 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 s21) when d was
smaller than 0.25 mm (Fig. 5). The similar results were observed
in various solutions with the thin layer technique (Supplementary
Figure 2 in the Supplementary Information).

The results described above 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(2,29-bipyridyl)ruthenium(II) (Ru(bpy)3

21), which is
known to have an excited state (3MLCT) with a long lifetime (t 5

Figure 1 | Custom-made photoelectrochemical cell. Schematic illustration (left) and a photograph (right) are shown. The coolant was set to 20uC to

maintain a constant sample temperature during measurement. d indicates the thickness of the solution layer.
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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 , l , 800 nm) and without photoirradiation (blue) under an Ar atmosphere (WE: GC; CE:

Pt wire; RE: Ag1/Ag; scan rate: 5 mV s21). (b) Current responses to photoirradiation (400 , l , 800 nm) in the chronoamperograms (0.2 V vs. Fc1/Fc)

of Fc (0.2 mM) in 0.1 M TBAP acetonitrile solution under an Ar atmosphere (WE: GC; CE: Pt wire; RE: Ag1/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 , l ,

800 nm) and in the dark (blue) under an Ar atmosphere (WE: GC; CE: Pt wire; RE: Ag1/Ag; scan rate: 5 mV s21). The shapes of the cyclic voltammograms

dramatically changed upon photoirradiation regardless of the irradiation wavelength.

Figure 3 | 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 , l , 800 nm) and in the dark, respectively. r indicates the rotation speeds of the working electrode.

(WE: GC; CE: Pt wire; RE: Ag1/Ag; scan rate: 10 mV s21).

www.nature.com/scientificreports
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0.64 ms in water (20uC)18), was adopted as the redox probe in this
experiment. As shown in Figure 6a, one reversible peak, attributed to
the RuIII/RuII redox couple, was observed in the measurement with-
out photoirradiation. Upon photoirradiation, the redox wave attrib-
uted to the oxidation of RuII to RuIII changed to an irreversible peak,
and a new broad peak appeared at approximately 10.8 V (vs. SCE).
Note that these changes upon photoirradiation occurred only when
Ru(bpy)3

21 absorbed the irradiated light (Fig. 6), which implies that
the generation of the photoexcited species of Ru(bpy)3

21,
[Ru(bpy)3

21]*, was related to these photo responses. Further analysis
of this phenomenon was performed by square wave voltammetry
(SWV), which can minimise the contribution from the capacitive
charging current and provide voltammograms with low background.
Similar to the results of CV, a new peak appeared at 10.79 V vs. SCE
only when the wavelength of the light overlapped with the absorption
band of Ru(bpy)3

21 (Fig. 7a). Furthermore, the peak appeared
repeatedly in conjunction with photoirradiation (Fig. 7b). It was also
confirmed that the peak disappeared almost completely under an O2

atmosphere19, and then reproduced after Ar bubbling (Supple-
mentary Figure 3 in the Supplementary Information).

Discussion
The electrochemical measurement of homogeneous solutions under
photoirradiation is difficult for numerous reasons. In cyclic voltam-

metry, 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 enough16.
The redox potentials of molecules can be precisely evaluated when
the concentration gradient is mainly determined by the electrochem-
ical reaction. However, as described in the previous section, photo-
irradiation 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 essen-
tially 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 3 and 4, we
succeeded in suppressing the disturbance of mass transfer induced by
convection and in collecting substantial data of electrochemical mea-
surements under photoirradiation by thinning the diffusion layer.
Additionally, the TLCV technique was also employed, and the influ-
ence of photoirradiation was found to become negligible (Fig. 5)
when limiting the thickness of the solution layer to less than
0.25 mm. These results led us to investigate the photoelectrochem-
ical properties of Ru(bpy)3

21, and electrochemical signals attributed

Figure 4 | 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 , l , 800 nm) and in the dark, respectively. v indicates the scan rate of each measurement. (WE: GC; CE:

Pt wire; RE: Ag1/Ag).
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Figure 5 | 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 , l , 800 nm) and in the dark, respectively. d indicates the thickness of the solution layer.

(WE: GC; CE: Pt wire; RE: Ag1/Ag; scan rate: 5 mV s21).

Figure 6 | 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 , l , 800 nm; green, 570 nm , l ,

800 nm) and in the dark (blue) under an Ar atmosphere (WE: GC; CE: Pt wire; RE: SCE; scan rate: 5 mV s21). (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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to the photochemical reaction were successfully detected both by CV
and SWV under thin layer conditions (Figs. 6 and 7, and Supple-
mentary Figure 3 in the Supplementary Information). A detailed
analysis of the phenomena by SWV under the thin layer techni-
que indicated that the peak originated from the oxidation of
[Ru(bpy)3

21]* (For details, see Supplementary Figure 4 in the
Supplementary Information). In addition, the reduction potential
of [Ru(bpy)3

21]* was determined from the SWV measurements
and was found to be similar to the indirectly estimated values8.
The simple method presented here enables the evaluation of the
electronic states of photoexcited molecules. The electrochemical
properties of several photoexcited metal complexes by thin layer
techniques are currently being investigated.

Methods
Materials. Ferrocene (Fc) and Na2SO4 were purchased from Wako Pure Chemical
Industries, Ltd. Acetonitrile (HPLC grade) was purchased from the Kanto Chemical
Co., Inc. Tetra(n-butyl)ammonium perchlorate (TBAP) was purchased from Tokyo
Chemical Industry Co., Ltd. [Ru(bpy)3](NO3)2?5H2O was prepared as previously
described20. All solvents and reagents were of the highest quality available and were
used as received, except for TBAP. TBAP was recrystallised from absolute ethanol and
dried in vacuo. H2O was purified using a Millipore MilliQ purifier.

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, 20uC.
The photoirradiation was performed using an ILC Technology CERMAX LX-300 Xe
lamp (operated at 150 W) equipped with a CM-1 cold mirror (400 nm , l ,

800 nm). In some experiments, an OG570 longpass filter (l . 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 mm alumina paste (from BAS)
and washing with purified H2O. For the measurements in acetonitrile solutions, an
Ag1/Ag reference electrode was used. The supporting electrolyte was 0.1 M TBAP.
The potentials reported within these measurements were referenced to the Fc1/Fc
couple at 0 V. In the aqueous conditions, 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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