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Various microwave effects on chemical reactions have been observed, reported and compared to those
carried out under conventional heating. These effects are classified into thermal effects, which arise
from the temperature rise caused by microwaves, and non-thermal effects, which are attributed to
interactions between substances and the oscillating electromagnetic fields of microwaves. However,
there have been no direct or intrinsic demonstrations of the non-thermal effects based on physical
insights. Here we demonstrate the microwave enhancement of oxidation current of water to generate
dioxygen with using an a.-Fe,0; electrode induced by pulsed microwave irradiation under constantly
applied potential. The rectangular waves of current density under pulsed microwave irradiation were
observed, in other words the oxidation current of water was increased instantaneously at the moment
of the introduction of microwaves, and stayed stably at the plateau under continuous microwave
irradiation. The microwave enhancement was observed only for the a.-Fe,0; electrode with the specific
surface electronic structure evaluated by electrochemical impedance spectroscopy. This discovery
provides a firm evidence of the microwave special non-thermal effect on the electron transfer reactions
caused by interaction of oscillating microwaves and irradiated samples.

Microwaves have potential abilities to enhance chemical reactions caused by microwave thermal effects!$, and
non-thermal effects?* called as ‘special effects. The microwave thermal effects can be realized by applying the
characteristics of microwave heating such as, rapid heating' and substance-selective heating®, which can be attrib-
uted to the mechanism of microwave heating induced by the interaction of oscillating electromagnetic fields with
substances. On the other hand, the non-thermal effects are still in veil and need to be investigated to clarify its
occurrence and mechanism.

Microwave special effects observed in the organic synthesis field have been extensively studied. Some evi-
dences of the microwave special effects on enantioselective organic reactions in a homogeneous system have
been reported!®!!. Even though microwave special effects on reactions on solid surfaces were also observed in
several systems'>!3, definitive demonstrations have never been reported because the reaction mechanism is more
complex than the organic reactions in homogeneous phases. Recently, our group reported that the photoinduced
electron transfer reaction from CdS quantum dots to organic molecules was accelerated by microwave special
effects!®. We estimated the electron transfer rates by a fluorescence quenching of CdS quantum dots due to the
electron transfer reaction. However, since this was one and only observation of the microwave special effects in
electron transfer reactions and just led to the speculated mechanism, more simple and general observations of
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Figure 1. Experimental setup of the electrochemical measurements. (a) The microwave irradiation cavity
and the positions of the electrochemical cells. The main cell was introduced into the microwave cavity at E max
(electric field) or H max (magnetic field). (b) Detailed illustration of the main cell. A fiber-optic thermometer
was introduced close to the electrode.

the microwave non-thermal effects on the reactions at solid surface have been desired. While there are reports on
the microwave special effects on specific reactions on solid surface'>', a generalization of the special effects is a
high-priority issue in the field of microwave chemistry.

In this report, we focused on an electrochemical method to generalize the microwave enhancement of elec-
tron transfer reaction on the solid surface, since we can appreciate an advantage, i.e., to enable quantitatively
detecting the electron transfer under manipulated potential. The electrochemical method under microwave irra-
diation was investigated by Marken’s group. They observed the electrochemical redox reactions of ferrocyanide
ions or ferrocene molecules using a platinum disc electrode, and demonstrated that the maximum reduction
current was increased under 0.6 second pulsed microwave irradiations'”!%. Unfortunately they failed in observing
the microwave special effects, since these electrochemical redox reactions are diffusion-limited. The increased
reduction current was not attributed to the microwave special effects in the electron transfer reaction, but caused
by the microwave thermal effects on the substance diffusion and convection flow around the electrode.

We have observed the electrochemical oxidation of water to produce dioxygen on an a-Fe,0;-deposited
fluorine-doped tin oxide («-Fe,O3/FTO) electrode under 2.45 GHz microwave irradiation in a repeated pulse
mode of 1 sec. A rate-determining step of the oxidation reaction of water is the electron transfer from a-Fe,O; to
water because four electrons should be subtracted from water to produce oxygen'®-%. Therefore, a change of the
current density of water oxidation can be directly related to the alternation of the rate of the electron transfer. In
order to investigate the microwave special effects, the temperature alternation at the reaction field by microwaves
should be carefully discussed. The temperature was measured by a fiber-optic thermometer which was placed
close to the a-Fe,05/FTO electrode. Furthermore, the surface temperature of the a-Fe,O;/FTO electrode under
microwaves was also measured by an infrared radiation thermometer. These accurate temperature measurements
confirmed that the attribution of the enhancement of the current density of water oxidation to the microwave
special effect on the electron transfer reactions.

Results and Discussion

a-Fe,0,/FTO working electrodes prepared by an electrodeposition method** were characterized by X-ray dif-
fraction method (Fig. Sla). After a sintering process, the diffraction peaks attributed to a-Fe,O; were observed.
The surface structure of sintered o-Fe,O; was observed by a scanning electron microscope (Fig. S1b). a-Fe,0;
was observed as an aggregation of nanoparticles with a size of 10~100 nm. The thickness of the a-Fe,O; layer was
determined as ca. 700 nm by DektakXT Stylus Profilometer.
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Figure 2. The microwave effects on oxidation current of water. (a) Linear sweep voltammogram of the o-Fe, 0,/
FTO electrode immersed in 0.1 M NaOHagq. The scan rate was 100 mV/s. Potentiostatic ammperometry at 0.966 V
vs. RHE (b) and 1.966 V vs RHE (c) under pulsed microwave irradiation. The electrochemical cell was located at the
maximum point of oscillating electric field. Potentiostatic ammperometry at 0.966 V vs. RHE (d) and 1.966 V RHE
(e) with pulsed microwave irradiation. The electrochemical cell was located at the maximum point of oscillating
magnetic field.

The setup of an electrochemical measurement was setup in 2.45 GHz waveguide-type single mode microwave
cavity as shown in Fig. 1. A main cell was placed into the microwave resonator while another cell connected elec-
trochemically with the main one through a salt bridge was put outside of the microwave resonator. Microwaves
were irradiated only to the main cell containing a working electrode as shown in Fig. 1a. Figure 1b shows a detail
setup of main cell. The main cell was made of quartz which was transparence to microwaves. The tip section of
the main cell targeted by microwave irradiation was 5mm-thick and 50 mm-long. A fiber-optic thermometer was
introduced close to the electrode. More detailed explanations are described in the method section.

The onset potential of the anodic current observed for the a-Fe,0;/FTO electrode immersed in 0.1 M
NaOHaq was ca. 1.5V vs. RHE (Fig. 2a). The onset can be attributed to the occurrence of the oxidation reaction of
water to dioxygen?. Figure S2 shows the potentiostatic ammperometry of the a-Fe,0,/FTO electrode immersed
in 0.1 M NaOHagq. The potential of the electrode was set at the equilibrium (rest) potential in the first 10 second.
When the potential of the electrode was changed to 1.966 V vs. RHE, the anodic current density was instantane-
ously increased, and subsequently stabilized at ca. 0.26 mA cm~2, showing that the oxidation reaction of water to
oxygen should occur continuously. Hereinafter, the main cell was irradiated with microwave irradiation in the
pulse mode of 1second in order to investigate the microwave effects on the oxidation of water.

Figure 2b,c show the result of the potentiostatic ammperometry of the electrode positioned at the antinode
of the oscillating electric field where the electric field is maximum in the cavity (E max) under 1second-pulsed
irradiation. The vibrating electric field was oriented in the vertical direction against the c-Fe,O;/FTO electrode.
When the applied potential of the a-Fe,O;/FTO electrode was set at 0.966 V vs. RHE at which no anodic current
was observed, the spike-like temporal current rises and falls were observed at the moment of the introduction
and removal of microwaves, respectively. After the temporal current rises and falls, the current density was steeply
recovered to 0.00 mA cm~2 Moreover, the integrated area of the positive spikes measured at the introduction of
microwaves coincided with that of the negative spikes at the end of microwave irradiation. Therefore, these cur-
rent changes should not be attributed to the external chemical reactions, but to the change of the carrier balances
at the interfaces, such as between a-Fe,0; and FTO, or a-Fe,O; and the electrolyte. The spike-like temporal
current rises were not observed in the FTO electrode without a-Fe,05 (Fig. S3(c)). This information strongly
supports the attribution of the spike-like temporal current rises to the change of the carrier balances around the
a-Fe,0;.

When the potential of the electrode was set at 1.966 V vs. RHE at which the anodic current due to oxidation
of water to dioxygen was substantially observed, the rectangular waves were observed under pulsed microwave
irradiation (Fig. 2c). The current density was raised from 0.17 mA cm™! to ~0.22 mA cm™~! simultaneously with
microwave irradiation. Moreover, the current density was kept at ~0.22 mA cm™! during microwave irradiation.
When the microwave irradiation was switched off, the current density went back to 0.17 mA cm ™. We tested
the electrode properties at the potential of 1.666 V vs. NHE (Fig. S4). The rectangular waves were also observed
under pulse microwave irradiation, and were smaller than those at the potential of 1.966 V vs. NHE. Therefore,
the steady increment of the anodic current density should be attributed to the enhancement of oxygen evolution
reaction on the surface of the a-Fe,0,;/FTO electrode by the oscillating electric field of microwaves.

On the other hands, Fig. 2d,e show the result of potentiostatic ammperometry of the electrode positioned at
the antinode of the oscillating magnetic field where the magnetic field was maximum in the cavity (H max). The
electrode was oriented in the vertical direction against the vibrating magnetic field. No changes in the current
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Figure 3. Potentiostaticammperometry at 1.966 V vs. RHE under microwave irradiation for 6 seconds.
The main cell was located at the maximum point of oscillating electric field. The dotted black line shows the
temperature profile of measured by a fiber-optic thermometer positioned close to the electrode.

density by microwave irradiation were observed at either potentials, 0.966 V vs. RHE and 1.966 V vs. RHE. We
have obtained an important conclusion that the microwave enhancement on the oxidation current of water was
induced only by microwave oscillating electric field, but not by oscillating magnetic field.

Figure S3 shows the results of the electrochemical measurements of an FTO electrode without a-Fe,0;. The
onset potential of the FTO electrode immersed in 0.1 M NaOH aq was observed at ca. 1.7V vs. RHE (Fig. S3a).
Under pulsed microwave oscillating electric field, the anodic current density attributed to water oxidation to
dioxygen showed no change. (Fig. S3b) Therefore, we can attribute the rectangular waves observed in the elec-
trochemical measurement of a-Fe,O5/FTO electrode under pulsed microwave irradiation to the interaction of
microwave oscillating electric field with a-Fe,O;.

When the main cell was irradiated by microwaves in the pulse mode with 6 seconds, the enhanced current
density under microwaves was gradually increased after the sudden increase observed at the initiation of the
pulse. In Fig. 3, the irradiation of microwave oscillating electric field was initiated at 2 second, and then the
current density was increased from ~0.188 mA cm 2 to ~0.225 mA cm~? instantaneously. After that, the current
density was gradually increased to 0.235mA cm™? during the stable microwave irradiation. Subsequently, the
irradiation of microwaves was stopped at 8 second, the current density was decreased to ~0.195mA cm™2 sud-
denly. The gradual increased current density under microwave irradiation from ~0.188 mA cm~2 to ~0.195mA
cm ™ can be attributed to the temperature elevation of the electrode and the electrolytes by microwaves. The
temperature profile of electrolytes under microwaves measured by the fiber-optic thermometer is shown in Fig. 3.
The liquid phase was heated from 36.2 °C to 38.4 °C under microwave irradiaiton for 6 second.

The anodic current density should be affected by the temperature of the electrode. Therefore, it is important
to carefully discuss the measured enhancement in the anodic current under microwave irradiation, in other
words, whether the enhancement was caused by the temperature alternation or by the microwave special effects.
Figure 4a shows the temperature dependence of the anodic current density observed at the applied potential of
1.966 V vs. RHE. This experiment was carried out using the main cell heated under conventional heating using
a heating blocks. The temperature of the liquid phase was measured by a fiber-optic thermometer. When the
potential was applied at 10 second, the steady state current density was dependent on the temperature of the liquid
phase. In this case, the current change was fully attributed to the effect of temperature alternation. The logarithm
of the anodic current density observed at 70 second was linearly related to the inverse of the temperature (Fig. 4b).
Let us ensure that the enhancement in the anodic current observed under microwave irradiation is not caused
by the temperature rise of the surface of the electrode. Figure 4c shows the enhancement in the anodic current
under repeated microwave irradiation. The temperatures of the liquid phase shown below the background current
indicate the rise of the liquid phase during the experiment due to the heat formation by microwaves. The slow rise
in the background current should be due to this temperature rise of the liquid phase (approximately 3 °C with 6
time pulsed microwave irradiation in 30sec). If the increment in the anodic current observed under microwave
irradiation (ca. 0.05 mA/cm?) was attributed to the temperature rise, the value of the temperature rise should be
estimated as 60 °C, meaning that the surface temperature of a-Fe,O; was raised and lowered by 20 °C within at
least 0.02 second. This cannot be reality in the present experiment. Then, we concluded that the increment of
anodic current under microwave irradiation should be induced by the microwave special effect.

The surface temperature of the a-Fe,O;/FTO electrode was measured by an infrared radiation thermometer.
In this measurement, the electrode was directly introduced into the microwave cavity without a reaction vessel
and an electrolyte (Fig. S5a). The surface temperature was raised from 25 °C to 31 °C under microwave irradiation
for 60 second (Fig. S5b). Therefore we can exclude a possibility that the surface temperature of the electrode is
raised up much, causing the enhancement of the anodic current under microwave irradiation.

Here, we need to note the reproducibility of these microwave enhancement in the oxidation current of water.
We prepared seven electrodes of a-Fe,O5/FTO by the same electrodeposition method, but could not observe the
enhancement for all the samples. The current density of each electrode at 1.966 V vs. RHE under 1 second pulsed
microwave irradiation is shown in Fig. S6. Hereinafter, these electrodes are identified as sample 1~7. Sample 1
was used in the temperature alternation experiment, giving the data shown in Fig. 4 and Fig. S5. Sample 1, 2 and
3 showed the rectangular waves under pulsed microwaves, while sample 4~7 gave no response under microwave
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Figure 4. Temperature dependence of the anodic current. (a) Temperature dependence of the anodic current.
The electrode was set at the rest potential in the initial 10 seconds, subsequently the electrode was set at 1.966 V
vs. RHE. (b) Plots of the logarithm of the current density at 70 second against the reciprocal temperatures.

The plots are fitted as the displayed solid line. (c) Change of the anodic current under repeated microwave
irradiation. The temperatures of the liquid phase are shown below the background current.
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Figure 5. Analysis of the electronic structure of oi-Fe,0;/FTO electrode by electrochemical impedance
spectroscopy. (a) Supposed equivalent circuit of a-Fe,O5/FTO electrode. (b) The Nyquist plots of the «-Fe, O,/
FTO electrode.

irradiation. We attempted to find the difference in the electrochemical parameters among the samples by an elec-
trochemical impedance spectroscopy.

The equivalent circuit shown in Fig. 5a was used for modeling the interface between the electrolyte and the
o-Fe,05/FTO electrode®. This equivalent circuit consists of two capacitors, Cy referred from the depletion layer
at the surface of a-Fe,0; and Cy; attributed to an electrical double layer (Helmholtz layer), and three resistance,
Rieries caused from the resistance of FTO, electrolyte, and electrical cables, R attributed to the resistance of bulk
a-Fe,0;, Rey attributed to the resistance at the interface of a-Fe,O; and electrolyte. Since the electronic process in
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Rgc Csc Rer Csc Microwave
Sample | (x10*°Q) | (WF) | (x10°Q) | (mF) | response*
1 9.83 9.54 2.52 2.30 O
2 10.67 19.23 1.43 5.45 O
3 8.51 5.94 241 2.72 O
4 10.13 23.41 1.44 11.88 X
5 10.12 23.73 1.87 10.61 X
6 9.28 4142 6.97 19.24 X
7 7.48 48.49 4.30 28.53 X

Table 1. The calculated values of the resistances and the capacities from Nyquist plots in Fig. 4b by
analyzed on the basis of the equivalent circuit of Fig. 4(a). Circle means that the rectangular waves in anodic
current under microwaves were observed.

the bulk semiconductor is faster than that in the electrolyte, the electrical response in the lower frequency region
can be attributed to the components at the electrical double layer and the interface of a-Fe,O; and electrolyte,
while the response in the higher frequency region can be attributed to the components in the semiconductor?-.

Figure 5b shows the Nyquist plots of each electrode under applied potential of 1.8 V vs. NHE, giving the each
ohmic value and capacitance by the mathematical fitting with the equivalent circuit shown in Fig. 5a as summa-
rized in Table 1. The Cy values of sample 1~3 exhibiting the enhancement in the anodic current under microwave
irradiation were relatively low (5.94~19.23 nF) compared to those of sample 4~7 (23.41~48.49 pF), showing no
enhancement. The Cgc value reflects the surface electronic structure of a-Fe,Os, furthermore the difference of the
Csc values of a-Fe,O; reflects the amount of surface defect site”. Previously, it was reported that the microwave
properties of the metal oxides had a dependence on the amount of oxygen vacancies®. Therefore, we speculate
that the enhancement in the anodic current under microwave irradiation is related with the surface electronic
structure of a-Fe,O;, particularly the distribution of the surface defect state.

In summary, we have discovered that the anodic current of a-Fe,O; electrochemically deposited on FTO
substrate was steadily enhanced by 2.45 GHz microwave irradiation. The enhancement was strongly related to
the interaction between the surface electronic structures of a-Fe,O; and microwave oscillating electric field. We
have concluded that the enhancement in the anodic current on «-Fe,0; should be attributed to the enhanced
oxidation of water into dioxygen under microwave irradiation. This is a clear experimental evidence of microwave
special effects on the electron transfer reactions. This demonstration of the microwave special effects in extremely
simple electrochemical systems leads us to the in-depth investigation of physical insights of these special effects.

Methods

Synthesis of «-Fe,0; electrodes. An electrodeposition of a-Fe,O; on FTO was carried out using an
aqueous solution containing 0.02 M FeCl, - 4H,0 (Wako Pure Chemical Industries, Ltd.). Deionized water (resis-
tivity Z 18.2 MQ - cm) purified with an ultrapure water production system (Direct-Q UV 3, Merck Millipore
Corporation) was used to prepare all solutions used in this study. In the electrodeposition method, a standard
three-electrode setup in an undivided cell was used. FTO substrates (resistance ~8-12 Q) were used as the work-
ing electrode, the coiled platinum wire as a counter-electrode and an Ag/AgCl (in sat. KCI solution) electrode as
a reference electrode. FTO substrates were cleaned by ultrasonic rinsing in an aqueous solution containing
Contaminon N (Wako Pure Chemical Industries, Ltd.), ultrapure water, and ethanol, for 30 min each time. After
drying, those were cleaned by a UV/Oj; cleaning process for 15 min. The electrodeposition method was potentio-
statically performed at 75 °C for 12 min by applying 1.2V vs Ag/AgCl reference electrode under gentle stirring (an
average deposition current density was ~0.40 mA cm™2). After each deposition, the resulting film was thoroughly
rinsed with deionized water, and dried with a gentle stream of nitrogen gas. And then as-deposited films were
annealed in atmosphere at 520 °C for 2h after heating at a rate of 2 °C/min.

Material characterization. X-ray diffraction (XRD) spectra were obtained using Benchtop X-ray diffrac-
tometer Miniflex (Rigaku Corporation and its Global Subsidiaries) with bent monochromated Cu Ka radiation.
Scanning electron microscopy (SEM) images were collected by Hitachi S-5500 scanning electron microscope
(Hitachi High-Technologies Corporation) operated at 3kV. Thickness of films were measured using DektakXT
Stylus Profilometer (Bruker Corporation).

Details of the TE 103 mode 2.45 GHz microwave instrumentation setup.  The 2.45 GHz microwave
irradiation was performed using a waveguide type microwave resonator (Fuji Electronic Industrial Co. Ltd).
Moving the plunger at the end of the waveguide, the standing waves of TE103 mode were made by controlling the
interference of the incident and reflected waves. The electric field component of this standing waves was made out
of phase with the magnetic one by 90 degrees. Hence, this apparatus could separate the electric field (E field) and
the magnetic field (H field) distribution in the waveguide. The main cell for the electrochemical measurements
was placed into the microwave resonator and another cell was placed outside of the microwave resonator to avoid
its exposure to microwaves. Only the main cell was irradiated by microwaves, containing the working electrode
as shown in Fig. la. Figure 1b shows the detailed setup of the main cell. The main cell made of quartz was trans-
parent to microwaves. The tip section of main cell was 5mm thick and 50 mm long in its shape. A fiber-optic ther-
mometer and a salt bridge were placed close to the a-Fe,O,/FTO electrode and contacted with aqueous solutions
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of 0.1 M NaOH electrolyte (pH = 13). The salt bridge was used to link the main cell and another cell. The coiled
platinum wire as a counter-electrode and an Ag/AgCl (in sat. KCl solution) electrode as a reference electrode were
placed into the another cell to prevent the temperature and reference potential of those electrodes from changing.
In this experiment, the IR drop resulting from the resistance of the solution between the reference electrode and
the working electrode was not taken into account. As the measuring conditions under microwave irradiation
were checked without microwave irradiation, the IR drop should not affect the results and discussion in this work.

Procedure for microwave-activated electrochemical measurements. [-V property was measured
by biasing electrodes using a potentiogalvanostat (SP-150, Bio-Logic Science Instruments). The potentiostat was
controlled by EC-lab (Bio-Logic Science Instruments). The reference electrode was regularly calibrated vs an
Ag/AgCl electrode, and all potentials were converted to the reversible hydrogen electrode (RHE) scale by the
equation 1;

Egpp = Eager + 0.059pH + Eg ¢, with B3y = 0.199V vs RHE at 25°C, (1)

where Egyy is the potential of the reversible hydrogen electrode, E,,q is the measured potential relative to the
saturated Ag/AgCl electrode, and E°,q is the potential of the saturated Ag/AgCl electrode. In this experiment,
the current profiles of a-Fe,O; electrodes were investigated by the potentiostatic ammperometry method at the
applied potential necessary for the oxygen evolution reaction as shown equation 2.

40H™ — O, + H,0 + 4~ )

The pulsed microwave irradiation was performed while the anodic current was observed attributed to this
oxygen evolution reaction (2). The applied microwave power was unified at 30 W in all the experiment. As shown
Fig. 1a, the main cell was placed either at the position of maximum E field density or at the maximum H field
within the waveguide. As shown in Fig. 1b, the oscillating direction of the E field or H field was defined so as to
apply perpendicularly relative to the electrodes.

References
1. Gedye, R. et al. The use of microwave ovens for rapid organic synthesis. Tetrahedron Lett. 27, 279-282 (1986).
2. Thakur, O. P, Prakash, C. & Agrawal, D. K. Structural and electrical properties of microwave-processed BaTiO; ceramics. J. Ceramic
Processing Research 3, 75-79 (2002).
3. Kappe, C. O. Controlled microwave heating in modern organic synthesis. Angew. Chem. Int. Ed. 43, 6250-6284 (2004).
4. Tsukahara, Y. et al. In Situ Observation of Nonequilibrium Local Heating as an Origin of Special Effect of Microwave on Chemistry.
J. Phys. Chem. C 114, 8965-8970 (2010).
5. Dressen, M. H., Kruijs, B. H., Meuldijk, J., Vekemans, J. A. & Hulshof, L. A. Variable Microwave Effects in the Synthesis of
Ureidopyrimidinones: the Role of Heterogeneity. Org. Process Res. Dev. 15, 140-147 (2011).
6. Crosswhite, M. et al. Development of Magnetic Nanoparticles as Microwave-Specific Catalysts for the Rapid, Low-Temperature
Synthesis of Formalin Solutions. ACS Catal. 3, 1318-1323 (2013).
7. Mochizuki, D., Shitara, M. Maitani, M. & Wada, Y., Local Thermal Nonequilibrium on Solid and Liquid Interface Generated in a
Microwave Magnetic Field. Chem. Lett. 41, 1409-1411 (2012).
8. Mochizuki, D. et al. Catalytic reactions enhanced under microwave-induced local thermal non-equilibrium in a core-shell, carbon-
filled zeolite@zeolite. J. Catal. 323, 1-9 (2015).
9. Loupy, A., Maurel, F. & Sabatié-Gogova, A. Improvements in Diels—Alder cycloadditions with some acetylenic compounds under
solvent-free microwave-assisted conditions: experimental results and theoretical approaches. Tetrahedron 60, 1683-1691 (2004).
10. Kikuchi, S., Tsubo, T. Ashizawa, T. & Yamada, T. Extraordinary Effect of Microwave Irradiation on Asymmetric Catalysis. Chem.
Lett. 39, 574-575 (2010).
11. Nushiro, K., Kikuchi, S. & Yamada, T. Microwave effect on catalytic enantioselective Claisen rearrangement. Chem. Commun. 49,
8371-8373 (2013).
12. Horikoshi, S. & Serpone, N. Photochemistry with microwaves: Catalysts and environmental applications. J. Photochem. Photobiol.
C 10, 96-110 (2009).
13. Genuino, H. C., Hamal, D. B., Fu, Y.-J. & Suib, S. L. Synergetic Effects of Ultraviolet and Microwave Radiation for Enhanced Activity
of TiO, Nanoparticles in Degrading Organic Dyes Using a Continuous-Flow Reactor. J. Phys. Chem. C 116, 14040-14051 (2012).
14. Kishimoto, F. et al. Microwave-enhanced photocatalysis on CdS quantum dots-Evidence of acceleration of photoinduced electron
transfer. Sci. Rep. 5, 11308 (2015).
15. Xu, W, Zhou, J. Su, Z. Ou, Y. & You, Z. Microwave catalytic effect: a new exact reason for microwave-driven heterogeneous gas-
phase catalytic reactions. Catal. Sci. & Tech. 6, 698-702 (2016).
16. Zhou, J. et al. A new type of power energy for accelerating chemical reactions: the nature of a microwave-driving force for
accelerating chemical reactions. Sci. Rep. 6, 25149 (2016).
17. Compton, R. G., Coles, B. A. & Marken, F. Microwave activation of electrochemical processes at microelectrodes. Chem Commun
2595-2596 (1998).
18. Tsai, Y. C., Coles, B. A., Compton, R. G. & Marken, F. Microwave activation of electrochemical processes: Enhanced
electrodehalogenation in organic solvent media. J. Am. Chem. Soc. 124, 9784-9788 (2002).
19. Bockris, J. O. & Otagawa, T. Mechanism of oxygen evolution on perovskites. J. Phys. Chem. 87, 2960-2971 (1983).
20. Corrigan, D. A., The catalysis of the oxygen evolution reaction by iron impurities in thin film nickel oxide electrodes. J. Electrochem.
Soc. 134, 377-384 (1987).
21. Wang, X,, Luo, H., Yang, H., Sebastian, P. ]. & Gamboa, S. A. Oxygen catalytic evolution reaction on nickel hydroxide electrode
modified by electroless cobalt coating. Int. J. Hydrog. Energy 29, 967-972 (2004).
22. Kanan, M. W. & Nocera, D. G. In situ formation of an oxygen-evolving catalyst in neutral water containing phosphate and Co?*.
Science 321, 1072-1075 (2008).
23. Hu, J. M,, Zhang, J. Q. & Cao, C. N. Oxygen evolution reaction on IrO,-based DSA® type electrodes: kinetics analysis of Tafel lines
and EIS. Int. ]. Hydrog. Energy 29, 791-797 (2004).
24. Spray, R. L. & Choi, K. S. Photoactivity of transparent nanocrystalline Fe,O; electrodes prepared via anodic electrodeposition.
Chem. Mater. 21, 3701-3709 (2009).
25. Kleiman-Shwarsctein, A., Hu, Y. S., Stucky, G. D. & McFarland, E. W. NiFe-oxide electrocatalysts for the oxygen evolution reaction
on Ti doped hematite photoelectrodes. Electrochem. Commun. 11, 1150-1153 (2009).

SCIENTIFICREPORTS | 6:35554 | DOI: 10.1038/srep35554 7



www.nature.com/scientificreports/

26. Lopes, T. et al. Hematite photoelectrodes for water splitting: evaluation of the role of film thickness by impedance spectroscopy.
Phys. Chem. Chem. Phys. 16, 16515-16523 (2014).

27. Sivula, K., Le Formal, F. & Gritzel, M. Solar water splitting: progress using hematite (a-Fe,O;) photoelectrodes. ChemSusChem 4,
432-449 (2011).

28. Le Formal, F. et al. Passivating surface states on water splitting hematite photoanodes with alumina overlayers. Chem. Sci. 2, 737-743
(2011).

29. Swaminathan, J., Subbiah, R. & Singaram, V. Defect-Rich Metallic Titania (TiO, ,;)-An Efficient Hydrogen Evolution Catalyst for
Electrochemical Water Splitting. ACS Catal. 6, 2222-2229 (2016).

30. Ke, Q, Lou, X., Wang, Y. & Wang, J. Oxygen-vacancy-related relaxation and scaling behaviors of Bij gLa,  Fe, 9sMgj 0,05 ferroelectric
thin films. Phys. Rev. B 82, 024102 (2010).

Acknowledgements

This study was supported in part by Grant-in-Aid for Scientific Research (A) 25249113, Grant-in-Aid for
Exploratory Research, and Grant-in-Aid for Young Scientists (B) 25790013, Grant-in-Aid for JSPS Fellows
1508370 from MEXT, Japan, ASPIRE League Research Grant 2015 and 2016, Tokyo Tech, Research Grant of
TEPCO Memorial Foundation and Demonstration and Standardization Project Using New Electric Devices,
NEDO.

Author Contributions

EK., M.M. and S.K. mainly performed the experiments and analyzed data. EK. designed the plan to measure the
oxidation current of water for examining the electron transfer occurring on the surface. EX. also prepared the first
manuscript of this article and finalized it by rewriting after intensive discussion and reviewing with Y.W. and S.T.
S.K. built the experimental setup, and fabricated a-Fe,O;/FTO substrates, measured the current density under
microwave irradiation. S.F. played a main role to theoretically explain the mechanism of acceleration of electron
transfer. S.T., M.M.M. and E.S. checked the experimental data and made critical reviews of the data analyses. They
participated extensively in the scientific discussion on the discovery in his work. Y.W. made the first proposal
for a research study to reveal the mechanism of accelerated electron transfer on the surface under microwave
irradiation and supervised throughout. All authors discussed results and commented on the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Kishimoto, F. et al. Enhancement of anodic current attributed to oxygen evolution on
a-Fe,0; electrode by microwave oscillating electric field. Sci. Rep. 6, 35554; doi: 10.1038/srep35554 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

B o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFIC REPORTS | 6:35554 | DOI: 10.1038/srep35554 8


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Enhancement of anodic current attributed to oxygen evolution on α-Fe2O3 electrode by microwave oscillating electric field

	Results and Discussion

	Methods

	Synthesis of α-Fe2O3 electrodes. 
	Material characterization. 
	Details of the TE 103 mode 2.45 GHz microwave instrumentation setup. 
	Procedure for microwave-activated electrochemical measurements. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Experimental setup of the electrochemical measurements.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ The microwave effects on oxidation current of water.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Potentiostatic ammperometry at 1.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Temperature dependence of the anodic current.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Analysis of the electronic structure of α-Fe2O3/FTO electrode by electrochemical impedance spectroscopy.
	﻿Table 1﻿﻿. ﻿  The calculated values of the resistances and the capacities from Nyquist plots in Fig.



 
    
       
          application/pdf
          
             
                Enhancement of anodic current attributed to oxygen evolution on α-Fe2O3 electrode by microwave oscillating electric field
            
         
          
             
                srep ,  (2016). doi:10.1038/srep35554
            
         
          
             
                Fuminao Kishimoto
                Masayuki Matsuhisa
                Shinichiro Kawamura
                Satoshi Fujii
                Shuntaro Tsubaki
                Masato M. Maitani
                Eiichi Suzuki
                Yuji Wada
            
         
          doi:10.1038/srep35554
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep35554
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep35554
            
         
      
       
          
          
          
             
                doi:10.1038/srep35554
            
         
          
             
                srep ,  (2016). doi:10.1038/srep35554
            
         
          
          
      
       
       
          True
      
   




