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Th|s paper presents a method to prepare charge-transfer chromophores using polyoxotungstate (PW1204O "), transition metal ions (Ce or

Co? ™), and organic polymers, with the aim of photo-activating oxygen-evolving manganese oxide catalysts, which are |mportant components

in artificial photosynthesis. The cross-linking technique was applied to obtain a self-standing membrane with a high PW12040 content.
Incorporation and structure retention of PW120403 within the polymer matrix were confirmed by FT-IR and micro-Raman spectroscopy, and
optical characteristics were investigated by UV-Vis spectroscopy, which revealed successful construction of the metal-to-metal charge transfer
(MMCT) unit. After deposition of MnO, oxygen evolving catalysts, photocurrent measurements under visible light irradiation verified the
sequential charge transfer, Mn — MMCT unit — electrode, and the photocurrent intensity was consistent with the redox potential of the donor
metal (Ce or Co). This method provides a new strategy for preparing integrated systems involving catalysts and photon-absorption parts for use
with photo-functional materials.

Video Link

The video component of this article can be found at https://www.jove.com/video/58072/

Introduction

The development of solar energy conversion systems using artificial photosyntheS|s or solar cells is necessary to enable the provision of
alternative energy sources that can ameliorate global climate and energy issues 1234 Photo-functional materials can be broadly categorized
into two groups, semiconductor-based systems and organic molecule-based systems. Although many different system types have been
developed, improvements still need to be made because semiconductor systems suffer from a lack of precise charge transfer control, and
organic molecule systems are not adequately durable with respect to photo-irradiation. However, the use of inorganic molecules as charge
transfer unit components can improve these respective issues. For example, Frei et al. developed oxo-bridged metal systems grafted on the
surface of mesoporous silica which can induce the metal-to-metal charge transfer (MMCT) by photo-irradiation and trigger photochemical redox
reactions®®"8°

Our group extended the single atomic system to a polynuclear system utilizing polyoxometalate (POM) as the electron acceptor10'11'12, with
the expectation that use of the polynuclear system would be advantageous in the induction and control of the multi-electron transfer reaction,
which is an important concept in energy conversion. In the protocol described here we present the detailed method used to prepare the POM-
based MMCT system, which works in a polymer matrix as we recently reported . The membrane-type configuration is favorable for product
separation between anodic and cathodic reaction products. The cross-linking method was applied, which enabled formation of a self-standing
membrane, even with high POM contents. Photoelectrochemical measurements proved that appropriate selection of the donor metal is key to
triggering the target. The POM/donor metal system works as a photo-sensitizer to activate multi-electron transfer catalysts under visible light
irradiation. Although this work utilizes MnO, as a multi-electron transfer catalyst for the water oxidation reaction, this photo-functional system is
also applicable for use with other types of reactions by utilizing various POMs, donor metals, and catalysts.
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It is advisable to refer to all relevant material safety data sheets (MSDS) prior to using chemicals, as some used in these syntheses are highly
acidic and corrosive. In addition, one polymer used in this work (polyacrylamide) may contain the carcinogenic monomer, acrylamide. The use of
personal protective equipment (safety glasses, gloves, lab coat, full-length pants, closed-toe shoes) is required to prevent injuries from chemicals
or heat. After conducting the cross-linking process, membrane samples should be stored in water in dark conditions to avoid drying and the
occurrence of any unnecessary photochemical reactions.

1. Preparation of POM/polymer Composite Membrane

Note: The synthesis procedure follows that reported in the article by Helen et al™ except that the amount of POM was altered.

1. Preparation of precursor polyvinyl alcohol (PVA) solution
1. Add 3 g of polyvinyl alcohol 1000 (completely hydrolyzed) and a stirring bar to a 50 mL vial.
2. Add 27 mL of water to the vial.
3. Heat the vial to 70 °C within a water bath under stirring conditions to completely dissolve all polyvinyl alcohol particles.

2. Preparation of precursor polyacrylamide (PAM) solution
1. Add 0.75 g of polyacrylamide (see Table of Materials) and a stirring bar to a 50 mL vial.
2. Add 29.25 mL of water to the vial.
3. Heat the vial to 70 °C within a water bath under stirring conditions to completely dissolve all polyacrylamide particles.

3. Preparation of mixture solution of POM and polymers

1. Add 2 mL of PVA solution and 2 mL of PAM solution to a 50 mL vial.
NOTE: As these polymer solutions have high viscocities, it is essential to accurately measure their volumes.

2. Add a triangular-shaped stirring bar and 1 g of Hz3PW 4,044 to the vial.
CAUTION: H3PW,,04 is a highly acidic material and should be stored in refrigerator. When working with it, use plastic materials and
not metal ones.

3. Heat the vial to 70 °C within a water bath under vigorous stirring conditions and continue to stir for 6 h after leaching at 70 °C.

4. Place a glass substrate (5 x5 sz) on a hot plate (approximately 100 °C) and drop 750 pL of the solution onto the substrate.
NOTE: The solution should be kept hot during the dropping process to prevent the polymers from congealing.

5. To dry the sample, keep it overnight in a dark condition at room temperature.

4. Cross-linking process for membrane sample

1. Add 72 mL of distilled water, 24 mL of acetone, 2 mL of 25% glutaraldehyde solution, and 2 mL of HCI to a 100 mL vial. This mixture is
called the cross-linking reagent.

2. Put the glass substrate with the sample in a Petri dish (approximately 9.5 cm diameter) and add the cross-linking reagent until the
membrane is completely immersed.

3. After 30 min, replace the cross-linking solution with distilled water, and wash once.

4. Peel the membrane from the glass substrate using a spatula and store it in distilled water in dark conditions.This POM/polymer
membrane is called POM/PVA/PAM.
NOTE: If the membrane is used for the next process (reaction with donor metals or MnO, deposition), the peeling-off process should be
omitted.

5. Use micro-Raman and FT-IR spectroscopy with POM/PVA/PAM to determine the chemical structure of the membrane®. Take an FT-IR
spectrum of PVA/PAM (lacking POM) sample prepared by the same method as a reference.

2. Reaction of POM/polymer Membrane with Donor Metals (Ce** and Co?*)

1. Preparation of ce* solution.
1. Add 2.08 g of Ce(NO3)3 * 6H,0 and a stirring bar to a 50 mL vial.
2. Add 30 mL of water to the vial and stir to dissolve all Ce(NO3)s.

2. Reaction of membrane sample with ce*
1. Put the membrane sample in a Petri dish (approximately 9.5 cm diameter) and add ce® solution until the membrane is completely
immersed.
2. Put the Petri dish into a pre-heated oven at 80 °C for 5 h.
3. Replace the ce®* solution with distilled water and wash once.
4. Store in distilled water in dark conditions.

3. Preparation of Co?" solution
1. Use the same preparation and reaction procedures as with ce*, except using 1.14 g of CoCl,* 6H,0 instead of Ce(NO3); * 6H,0.
Samples reacted with ce* and Co?* are called POM/PVA/PAM/Ce and POM/PVA/PAM/Co, respectively.
2. In this study, micro-Raman spectra of POM/PVA/PAM/Ce and POM/PVA/PAM/Co were examined to determine the molecular structure
of PW1ZO403' after reaction with donor metal ions™. The optical properties of these samples were also examined using UV-Vis
spectroscopy.
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3. Deposition of MnO, Water Oxidation Catalysts

NOTE: The preparation and deposition procedures of colloidal MnO, follow those in Perez-Benito et al. 1989'° and Takashima et al. 201216,
respectively.

1. Preparation of colloidal MnO, solution

1.

aokon

No

Add 39.4 mg of KMnO, and a stirring bar to a 30 mL beaker.

NOTE: CAUTION: KMnOy is a highly oxidative material; when working with it, use plastic spoons and not metal ones.
Add 10 mL water to the beaker and stir to completely dissolve all KMnQOy,.

Add 50 mg of Na,S,03 5H,0 and an oval-shaped stirring bar to a 500 mL round-bottom flask.

Add 20 mL water to the flask and stir to completely dissolve all Na,S,0s.

Add 10 mL of KMnQ, solution to the flask drop-wise under vigorous stirring.

Note: KMnQOy, solution should be added slowly to prevent formation of aggregated MnO,.

After adding the KMnOy, solution, immediately add 470 mL of distilled water to the flask.

Keep stirring for over 2 h and then immediately use the solution for the next process (spraying).

2. Spraying MnOy colloidal solution onto membrane sample

1.

Place the membrane samples onto a hot plate (approximately 60 °C) with masks made of silicone rubber to determine the area to be
used for deposition.

NOTE: For the deposition of MnO, catalysts, the membrane samples should be placed on glass substrates. If the membranes have not
been peeled off from the substrate, put them onto a hot plate as they are. Keep the surface of the membrane wet during the deposition
process. The mask also works as a weight to prevent the membranes from flying off due to the high air pressure from the spray gun.
Add 300 mL of the colloidal MnO, solution to a 500 mL bottle connected to an automated spray gun (see Table of Materials) above the
hot plate and spray the solution onto the membranes.

When the volume in the bottle decreases, add the remaining colloidal solution to the bottle.

Store the samples in distilled water in dark conditions. After MnO,-deposition, the samples are called POM/PVA/PAM/Ce/MnO, or
POM/PVA/PAM/Co/MnO,.

Electron transfer properties under visible-light irradiation of POM/PVA/PAM/Co/MnQO, were monitored using photoelectrochemical
measurements at a particular electrode potential. To conduct the photoelectrochemical experiment, the membrane sample was
fabricated on transparent Sn-doped In,O3 (ITO) electrodes.

Representative Results

Retention of the POM structure in the polymer matrix was confirmed by FT-IR and micro-Raman spectroscopy (Figure 1); vibration peaks
corresponding to the Keggin structure of POM were observed, and peaks of the polymers were found to be shifted due to hydrogen bonding
with POM. Spectroscopic analysis was very useful for determining successful construction of the charge transfer unit, and this was also
confirmed by the apparent color change of the samples (Figure 2). It was also confirmed by UV-Vis spectroscopy and photoelectrochemical
measurements (Figure 3), because charge transfer is achieved when all components are adequately aligned. In particular, the spectroscopic
and photoelectrochemical results confirmed one directional charge transfer under light irradiation, which thus supports the validity of our
synthetic method. The production of O, on MnO, was monitored using an indirect electrochemical method employing a rotating disk-ring
electrode system, where the reduction current corresponding to O, reduction could be observed under light irradiation (Figure 4).
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Figure 1: Micro-Raman and FT-IR spectra. (a) Micro-Raman spectra of membrane samples before (POM/PVA/PAM, black line) and after
reaction with Ce(NO3); (POM/PVA/PAM/Ce, red line) or CoCl, (POM/PVA/PAM/Co, blue line). The spectrum of crystalline H;PW4,0, is also
shown as a reference (dark yellow). A 532-nm laser with an intensity of 20 mW was used to irradiate the sample and obtain the spectra. (b) FT-
IR spectra of POM-lacking sample (black line) and POM/PVA/PAM (red line) membrane samples. The samples were mounted in a homemade
transmission IR vacuum cell equipped with KBr windows and their spectra were obtained in transmittance mode at room temperature with a
deuterated triglycine sulfate detector. This figure has been modified with permission from Yamaguchi et al. 2017", copyright 2017 American
Chemical Society. Please click here to view a larger version of this figure.

POM/PVA/PAM POM/PVA/PAM/Ce POM/PVA/PAM/Co

Figure 2: Pictures of membrane samples. Left: POM/PVA/PAM, center: POM/PVA/PAM/Ce, and right: POM/PVA/PAM/Co. Please click here to
view a larger version of this figure.
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Figure 3: UV-Vis diffuse reflectance spectra and I-t curves. (a) Top: UV-Vis diffuse reflectance spectra of POM/PVA/PAM membrane samples
before (black line) and after reaction with Ce(NO3); (POM/PVA/PAM/Ce, red line). The spectrum of the POM-lacking membrane sample after
reaction with Ce(NOs); is also shown as a reference (blue line). Bottom: UV-Vis diffuse reflectance spectra of POM/PVA/PAM membrane
samples before (black line) and after reaction with CoCl, (POM/PVA/PAM/Co, red line). The POM-lacking membrane sample (PVA/PAM) did

not react with CoCl,; therefore, the UV-Vis absorption spectrum of an aqueous solution of CoCl, was used as a reference (blue line). The insets
are subtraction spectra (after reaction minus before reaction). (b) I-t curves for (red line) POM/PVA/PAM/Co/MnO,, (dark yellow line) POM/PVA/
PAM/Ce/MnOy, (black line) POM/PVA/PAM/Co, and (blue line) POM/PVA/PAM/MnO, samples fabricated on an ITO electrode and irradiated with
visible-light after 20 min of Ar bubbling. The light source was a 300 W Xe lamp equipped with a 450 nm cutoff filter to prevent UV absorption.
The electrolyte was 0.1 M Na,SO, (pH 10, adjusted with 1 M NaOH) and the applied potential was +1100 mV (vs a standard hydrogen electrode
[SHE]). This figure has been modified from Yamaguchi et al. 2017", copyright 2017 American Chemical Society. Please click here to view a
larger version of this figure.

Suh

Current
=
=

200 300 400 500 600
time, s

Figure 4: I-t curves of ring part of rotating disk-ring electrode under photo irradiation. POM/PVA/PAM/Co/MnO, was fabricated on the disk
part. The rotating speed was 1500 rpm, and the disk and ring potential were maintained at 1120 mV and -280 mV vs SHE, respectively. Please
click here to view a larger version of this figure.

It is critical to apply the cross-linking method introduced by Helen et al.™to develop a self-standing membrane. When polyvinyl acetate was
applied as the base polymer in this study, aggregation of H;PW,,04¢ occurred, which prevented formation of the self-standing membrane.
However, when fabrication of the membrane was attempted utilizing Nafion as the base polymer, there was no progression of the reaction with
ce®* and Coz+, although preparation of the self-standing membrane was achieved. In this study, to guarantee electron transfer throughout the
membrane, the loading amount was modified to 80 wt% H3PW,,04¢ from that of 10 wt% hetelopolyanions used in the work of Helen et al'

The micro-Raman spectra showed that the molecular structure of POM was highly retained in the polymer matrix both before and after the
reaction with Ce>* and Co?", as evidenced by the retention of Raman peaks characteristic for the Keggin structure of pom"’ (Figure 1a).

FT-IR analysis confirmed that POM was successfully incorporated into the polymer matrix. Upon the reaction with POM, the vibration peaks
corresponding to the functional groups of polymers14 were found to be slightly shifted (Figure 1b), which indicates that POMs formed hydrogen-
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bonding with the polymers. This hydrogen-bonding formation also supports the molecular dispersion of POM compared with crystalline
H3PW 2,040 without polymer matrix when the cross-linking process was used to avoid aggregation.

The step-by-step reaction of POM/PVA/PAM with ce®* and Co?* enables a flexible choice of donor metals, which is an extremely important
parameter for enabling desirable photochemical multi-electron transfer reactions. After reaction with the metals, the apparent colors of the
samples changed from colorless to pale yellow (POM/PVA/PAM/Ce) and pink (POM/PVA/PAM/Co) (Figure 2). The UV-vis spectra showed new
absorption in the visible region (Figure 3a), WhICh is assigned to the metal-to-metal charge transfer (MMCT). It is of note that the absorption
wavelength depends on the donor metals (Ce * for 420 nm and Co®" for 395 nm; absorption at 530 nm in POM/PVAPAM/Co is assigned to d-d
transition of Co? "), indicating that the absorption range can be controlled by modifying the donor metals.

The constructed MMCT systems possess the ability to photo-activate MnO, water oxidation catalysts. Electron transfer by visible light irradiation
was confirmed by photoelectrochemical measurements for POM/PVA/PAM/Ce/MnO, or POM/PVA/PAM/Co/MnO, fabricated on a Sn-doped
In,O3 (ITO) electrode. Photo-irradiation enhanced the current value in POM/PVA/PAM/Co/MnO, and POM/PVA/PAM/Ce/MnOy, while POM/
PVA/PAM/Co and POM/PVA/PAM/MnO, generated a negligible photo- current (Figure 3b). Visible-light irradiation of POM/PVA/PAM/Co/

MnO, induced MMCT (CoII — WV') and the transfer of electrons at PW12040 " sites to the ITO electrode by intermolecular hopping between
PW120403 molecules. Furthermore, the generated holes at Co sites were transferred to MnO,. Micro-Raman spectroscopy conducted after
photoelectrochemical measurement showed that the POM structure was retained and that neither Ce nor Co oxide was formed, indicating that
the sample was stable (at least over this experimental time scale). The photo- current dlfference between POM/PVA/PAM/Co/MnO, and POM/
PVA/PAM/Ce/MnOy can be explained by the redox potential dlfference between Ce*'/Ce** and Co®*/Co?®" redox couples. Because the co*'/Co
couple possesses a greater positive redox potential than the ce*'ice® * couple, it is advantageous to promote electron transfer from MnO, to
the Co site. This observation again emphasizes the importance of having a flexible choice of donor metals. Furthermore, in a previous study we
showed that the redox potential of the acceptor site can be controlled by utilizing other types of POMs 18 , which expands the availability of this
POM/polymer composite for the reaction field to promote both oxidation and reduction reactions.

2+

To monitor the oxygen evolution reaction, we applied the electrochemical method using a rotating ring-disk electrode. The membrane

sample was fabricated on the disk part of a ring-disk electrode, where the disk part was glassy carbon and the ring part was Pt. During
photoelectrochemical measurements, O, produced was reduced at the ring part, and reduction current was observed. Figure 4 shows the
increase in the reduction current in response to light irradiation. This result evidences that water oxidation was initiated on the surface of MnO,
under photo-illumination. The observed reduction current at the ring part was approximately 1 pA, and the corresponding photo-current was
approximately 2 pA. As water oxidation on MnO, is a four-electron process, and reduction of O, on the ring part is a two-electron process, the
coulombic efficiency of the photocurrent for water oxidation was thus almost 100%. In our experimental conditions, the applied overpotential
was 460 mV. The reported activity of electrochemical OER on MnO, by Meng et al.'® was in the range of 0.5-0.7 V to reach a current density
of 10 mA cm™ at pH = 13. Although we cannot compare these values, simply because the loaded amount and the surface area of MnO, in our
membrane system are unknown, the loading method and the OER activity of MnO, itself should be improved in the future research.

This report demonstrates a method used to construct polyoxometalate-based MMCT units in a flexible polymer matrix by applying the cross-
linking process. The limitation of this MMCT-based photoresponsive membrane is the weak absorption of visible light. Because the electronic
interaction between metals in the MMCT unit is weak, the absorption coefficient of the oxo-bridged metal-based charge transfer system is
generally small. Still, this system is advantageous compared with conventional semiconductor- or organic molecular-based photosensitizers

in terms of the light durability and redox tuning to achieve product-separable photochemical systems.We utilize an electrode as an electron
acceptor and MnO, OER catalysts as a hole acceptor; however, this membrane system is also applicable for use in other catalytic systems
where various redox reactions can be triggered by visible-light irradiation. We consider that this technique provides a new strategy for preparing
a platform to construct a solar-to-chemical conversion system.
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