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ABSTRACT

The photochemical hydrogen production was achieved by integrating photoactive components in a poly-
mer membrane film under visible-light irradiation. The classical homogeneous photochemical system
employing ruthenium bipyridyl complex (Ru(bpy)s;2*) as a sensitizer, methyl viologen (MV?*) as an elec-
tron shuttle, Pt as a hydrogen-evolving catalyst was heterogenized by immobilizing the active components
within Nafion film. The integrated Nafion film provides a unique environment in which the immobiliza-
tion of the components, light absorption, charge separation/transfer, and hydrogen production concur.
The hydrogen evolution from the loaded Nafion film under visible light (A >420nm) was successfully
demonstrated. The loaded Pt particles were mainly located at the external surface of the film while the
sensitizer was bound at the cation-exchange sites in the nanoporous channel. The electron-relaying action
of MV?* was effective only above 1 mM because most MV?* ions below this concentration were bound at
the ion-exchange site with restricted mobility. The effects of various components on the hydrogen pro-
duction in this heterogenized system were investigated and discussed. The present Nafion film system
may serve as a prototype of solar hydrogen generating films and can be further modified and optimized
for practical applications.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Photochemical systems harvesting visible light have employed
avariety of semiconductors, metal-organic complexes, and organic
dyes as a light absorbing unit [1-5]. Among them, Ru-complex and
its derivatives have been widely investigated as one of the most effi-
cient photosensitizer for solar energy conversion [1,2,6-10]. In the
Ru-complex sensitized systems for hydrogen production, the effects
of various parameters such as the kind of ligands, solvents, electron
donors, electron mediators, and noble metal colloids were inves-
tigated [1,2]. The quantum yields for hydrogen production widely
vary depending on the system conditions in the range of 0.05-53%
[1,2]. The homogeneous sensitizing system, however, suffers from
the dimerization of sensitizers and coagulation with catalysts (e.g.,
Pt colloid) [3]. In addition, the need of recovery of the sensitizers
and catalysts makes the system less practical [11]. To overcome this
limitation, it is required to immobilize or anchor the active com-
ponents on inorganic/organic supports (e.g., zeolite, titania [8,9],
cellulose [12], micelle [13], chelating resin [14], polymer [15-22]).

Nafion (Nf), a cation-exchanging polymer, has well-organized
hydrophilic pore (~4 nm) structure surrounded by sulfonic anion
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groups (—S037) [23] that are linked to hydrophobic fluorocarbon
chains (i.e., inverted micelle clusters composed of the sulfonic
groups). Due to the high stability, it is often used as a support-
ing material for anchoring cationic components in photochemical
conversion systems [24-26]. The presence of Nf adlayers on TiO,
particles significantly enhanced the photocatalytic degradation of
cationic substrates by holding them within the Nf layer close to
the TiO, surface [24]. Ru(bpy)s2*, which does not bind to the TiO,
surface at all, can be anchored on the Nf-coated Pt/TiO, surface
through the ion exchange, which enabled the efficient production
of H, under visible light [25].

The immobilization of Ru-bipyridyl complex (Rul'Ly), methyl
viologen (MV2*), and Pt nanoparticle into a cation-exchange
polymer film has been often suggested as a method for the visible-
light-induced hydrogen production [3,14-21,26]. However, most
studies have focused on the adsorption/desorption of the cationic
components within the polymer film, the electrochemical behav-
iors of Ru''Ly immobilized on a polymer-coated electrode, and
the photo-induced charge transfer between Ru''Ly and MV2* in a
polymer membrane. Only a few reports investigated the photo-
chemical conversion reaction in the Ru''L,/polymer hybrid system.
For example, Shiroishi et al. reported visible-light driven H, pro-
duction using Ru(dcbpy)s/Nf film with a very low efficiency (the
hydrogen production rate of ~7 x 10~2 molcm~2 h~1) [18]. Hirose
et al. compared the photoactivity of Co(bpy)s;2* and Ru(bpy)s2*
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Scheme 1. Schematic diagram of the heterogenized sensitizing system in which photoactive components are immobilized in Nf film for H, production under visible-light

irradiation.

attached to cation-exchange polymer (Amberlite) for CO, reduction
and H; production under UV irradiation [19]. Similarly, Kurimura
et al. observed the production of H,O, from O, on the visible-
light-irradiated Ru(bpy)3;2*/(chelate resin-coated bead) [14]. All the
previous studies on the immobilized system containing the Ru-
complex, however, provided very limited information about how
each active component is related with the overall sensitization pro-
cess and what parameter is critical.

In this study, we systematically investigated a two-
dimensionally heterogenized system in which Pt nanoparticles and
Ru(bpy)s2* sensitizers were immobilized on Nf film as a platform
of photochemical conversion (Scheme 1). Pt nanoparticles were
deposited on the external surface of the Nf film and were spatially
separated from Ru(bpy);2* and MV2* which were preferentially
anchored within the film bulk. The hydrogen production from
the Nf film that integrated the classical sensitizing system was
successfully demonstrated under visible-light irradiation. The
effects of the active components on the photoconversion efficiency
were discussed and compared with those in the well-known
homogeneous sensitizing system.

2. Experimental
2.1. Chemicals

Tris(2,2’-bipyridyl)dichloro ruthenium(II) (Ru(bpy)32*), methyl
viologen dichloride (MVZ2*), disodium ethylenediaminetetraacetate
(EDTA), and tetraamine platinum(Il) dichloride (Pt(NH3)4Cl,) were
purchased from Aldrich (all of reagent grade) and used without
further treatment. Nf membrane (Nafion™ NE-1035: perfluorosul-
fonic acid-PTFE copolymer, ~90 wm thick, standard ion-exchange
capacity 1.0 mequiv./g) was purchased from Alfa Aesar.

2.2. Sample preparation

A sheet of Nf membrane (15 cm x 15 cm) was cut into the size
of 1.2 cm x 1.5 cm, which was boiled in a mixture of concentrated
HNO3 and water (1:1, v/v) until it became transparent. Then, it was
boiled repeatedly in triply distilled water until pH of the water
became neutral. The mass of the dried bare Nf film, {Nf}, was
ca. 11 mg/cm?. The {Nf} was immersed in the aqueous solution
of Pt(NH3)4Cl, overnight to absorb the Pt-complex through ion
exchange. The Pt loading was adjusted by changing [Pt(NH3)4Cl; ]
and was checked by analyzing the Pt concentration before and after
the absorption using an inductively coupled plasma atomic emis-
sion spectrophotometer (ICP-AES). It was found that more than
97% of initial Pt(NH3)4Cl, was absorbed into {Nf}. This {Ptl/Nf}
was washed with distilled water and immersed in 50 mM NaBH4
solution to reduce Pt!! to Pt® with ultrasonification. The ultrasonic
treatment along with the chemical reduction made Pt more uni-
formly distributed in {Nf} than the chemical reduction method
alone. After the Pt reduction step, the transparent Nf film turned
blackish. Then, Ru(bpy)s2* was absorbed into the Pt%-loaded Nf

film, {Pt/Nf}, by immersing it in Ru(bpy)s;2* solution overnight in
the dark. The Ru(bpy)s2*-absorbed film, {Ru!!/Pt/Nf}, was washed
and stored in distilled water before use. During the storage in water,
neither Ru(bpy);2* nor Pt-complex ion was leached out of the Nf
film. The {Rul!/Nf} was prepared in the same way without the Pt
loading step.

2.3. Surface characterization

{Pt/Nf} films loaded with varying amount of Pt were prepared
and analyzed with X-ray photoelectron spectroscopy (XPS, Kratos
XSAM 800 pci) using Mg Ko lines (1253.6eV) as an excitation
source. The spectra were taken for each sample after Ar* (3 keV)
sputter cleaning. Surface charging was minimized by spraying low
energy electrons over the sample surface using a neutralizer gun.
Binding energy (BE) spectra were recorded in the regions of Pt 4f.
The BEs of all peaks were referenced against the F 1s line (688.7 eV)
originating from the Nf surface fluorine. The surfaces of {Nf} and
{Pt/Nf}, and their cross-section were analyzed with a field emission
scanning electron microscope (FE-SEM, JEOL JSM 6330F).

2.4. Photochemical hydrogen production

The {Ru'/Pt/Nf} film was placed and fixed on the bottom of a
cylindrical pyrex reactor (10 mL). Desired amounts of MV2* and
EDTA solutions were added to the reactor up to 9 mL, and the reac-
tor was sealed with septum and purged with N, gas for 30 min.
An overnight equilibration was done for MV2* absorption into the
Nf matrix prior to irradiation. The initial solution pH was typically
5.8. A 450-W Xe arc lamp was used as a light source. Light passed
through a 10-cm IR water filter and a cutoff filter (A >420 nm), and
then the filtered visible light was focused onto the bottom face of
the cylindrical reactor on which {Ru'!l/Pt/Nf} was laid down. Light
intensity was measured by chemical actinometry using (E)-a-(2,5-
dimethyl-3-furylethylidene) (isopropylidene) succinic anhydride
(Aberchrome 540) [27]. A typical incident light intensity was mea-
sured to be ca. 2 x 103 einstein L-! min~! in the wavelength range
0of 420-550 nm. The amount of H;, produced in headspace was ana-
lyzed using a HP6890A GC equipped with a TCD detector and a
molecular sieve 5A column.

3. Results and discussion
3.1. Nafion film immobilized with the active components

Fig. 1a shows the UV-vis absorption spectra of the {Pt/Nf} as a
function of the Pt load. Bare {Nf} without Pt was almost transpar-
ent indicating the absence of impurities within {Nf}. The chemical
reduction of Pt!! changed the color of {Nf} blackish as a result of
the formation of Pt? particles and the color became darker with
increasing the Pt loading. The absorption/scattering background is
extended throughout the entire wavelength range. Fig. 1b compares
UV-vis absorption spectra of {Nf}, {Pt/Nf}, {Ru'l/Pt/Nf} films along
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Fig. 1. (a) UV-vis absorption spectra of Pt°-loaded Nf film as a function of
the Pt loading that is expressed in terms of the pre-absorbed concentration
of Pt. (b) UV-vis absorption spectra of {Nf}, {Pt/Nf}, {Ru"/Pt/Nf} films, and
aqueous solution of Ru(bpy)s;?* (100 wM). [Pt!]ys = 14.8 ug/cm? (0.076 pwmol/cm?);
[Ru(bpy)s2* |nf=0.43 pmol/cm?.

with that of Ru(bpy)s2* solution. The {Ru!/Pt/Nf} exhibited a metal-
to-ligand charge transfer (MLCT) absorption band (Amax =449 nm)
due to the presence of Ru(bpy)sZ* absorbed in the Nf matrix.
Ru(bpy)s2* is attached to the sulfonate group by the electrostatic
force while the bipyridyl ligands may have a hydrophobic interac-
tion with the fluorocarbon backbones [20].

FE-SEM images of {Nf} and {Pt/Nf} show that the surface of {Nf}
and {Pt''/Nf} was plain whereas that of the chemically reduced
{PtO/Nf} appeared dramatically different (Fig. 2). Pt particles of
50-500nm in size were formed on the {Nf} surface (not inside
the {Nf}) after the chemical reduction. Pt"! precursor ions are ini-
tially dispersed and bound to the sulfonate groups within the Nf
matrix. During the chemical reduction, Pt"! ions are transformed to
Pt® nanoparticles. However, as the Pt particles grow larger than the
size of pores (~4 nm) in the Nf film, they are gradually pushed up
from the inner matrix onto the external surface through the ionic
channels with aggregating themselves (Scheme 2). The exposed Pt
particles are observed in the SEM image of {Pt/Nf} (Fig. 2d and
f). The energy dispersive X-ray (EDX) analysis of {Pt/Nf} also con-
firms the presence of Pt as well as F and S that are the elemental
components of Nf (Fig. 3a).

To investigate the chemical states of the Pt, the surface of {Pt/Nf}
samples prepared with different chemical reduction time were ana-
lyzed with XPS (Fig. 3b). The chemical reduction time less than
3 min produced little sign of the surface Pt whereas the longer
reduction time markedly increased the Pt band [Pt? 4f7p, (71.5eV)
and 4fs; (74.8 eV)]. Although all {Pt/Nf} films have the same load

HE
3 %l ¥

Scheme 2. Schematicillustration that describes the process of Pt° particle formation
within the Nf matrix.

of Pt!! precursor ions, the surface Pt concentration is very different
depending on the chemical reduction time. This indicates that the
Pt ions present inside the Nf film gradually move onto the external
surface as the reduced Pt particles grow larger.

3.2. Heterogenized vs. homogeneous systems

The H, production in the well-known homogeneous sensitizing
system proceeds as follows (Reactions (1)-(6)):

Ru(bpy);>" + hv — Ru(bpy)s*™, I (1)

Ru(bpy);*** — Ru(bpy);**, kr=1.6x 105" (2)

Ru(bpy)s?** + MV2* — Ru(bpy)s>* + MV'*,
ket =5.0 x 108 M~ 15! (3)

Ru(bpy)s>* + MV'+ — Ru(bpy);>t + MV2*,
kp=2.9x109M 157! (4)
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Fig. 2. SEM images of (a) Pt"-loaded Nf film (top view); (b and c¢) Pt°-loaded Nafion film after 10 min of chemical reduction (top view); (d) Pt°-loaded Nafion film after 15 min
of chemical reduction (top view); (e) Pt"-loaded Nafion film (cross-sectional view); (f) Pt°-loaded Nafion film after 15 min of chemical reduction (cross-sectional view).

Ru(bpy);>* + EDTA — Ru(bpy);>* + EDTA"™,
kg =1.1 x 103 M~ 157! (5)

2MV'* + 2H,0 (at Pt) - 2MV?" + Hy + 20H,  Knetero, (6)

Each component has a significant effect on the hydrogen produc-
tion in the homogeneous sensitizing system (see Figs. S1-S4 in
electronic supplementary information). The Pt sol has an optimal
concentration around 1mgcm~3 (Fig. S1) while the increase of
[Ru(bpy)s2*] or [EDTA] reached the plateau region of the hydrogen
production (Figs. S2 and S4). As for MV2*, the hydrogen production
rate was optimized at 4 mM (Fig. S3).

The general photochemical mechanism is likely to be similar
in the heterogenized system as well. The typical time profiles of
hydrogen production under visible light are shown in Fig. 4a. The
hydrogen production on {Ru!!/Nf} without Pt is insignificant. The
hydrogen production rate initially increased with increasing Pt
loading and then reached an optimal value above which further

increase in Pt loading decreased the efficiency (Fig. 4b). The pres-
ence of the optimal Pt loading can be explained in terms of two
factors: light shielding and the particle agglomeration. An exces-
sive loading of Pt particles in both homogeneous (see Fig. S1) and
heterogenized systems not only scatters or shields incoming light
(see Fig. 1a) but also reduces the surface area by inducing Pt-Pt
agglomeration (see Fig. 2d and f).

The concentrations of the sensitizer, the electron relay, and
the electron donor also significantly affect the hydrogen produc-
tion rate (Fig. 5a—c). The sensitizer loading up to ~0.7 umol cm—2
in {Rul'/Pt/Nf} gradually increases the hydrogen production rate.
The dependence of the hydrogen production rate on [MV2*] in the
heterogenized system is very different from that of the homoge-
neous system. In the homogeneous solution, the rate of hydrogen
production initially increases with [MV2*] but decreases above
[MVZ*]=4mM (Fig. S3). The rate of H, production should be pro-
portional to the rate of MV* formation [29] The higher [MVZ2*], the
more MV*s are generated (Reaction (3)). However, the generation
of MV* molecules that are more than enough can hinder the over-
all sensitization by shielding visible light since both Ru(bpy)32* and
MV* absorb visible light.
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Fig. 3. (a) EDX analysis of Pt°-loaded Nf film. [Pt°] = 14.8 pg/cm?. (b) XPS spectra of
Pt on {Pt/Nf} with varying the chemical reduction time. For all samples, the initially
absorbed Pt!! precursor ions were the same at 14.8 p.g/cm?.

On the other hand, in the heterogenized system, the hydrogen
production started only with [MV2*]>1mM and the retardation
effect was not observed up to [MV2*]=8mM (Fig. 5b). With
[MVZ*] > 6 mM in the solution containing {Ru!!/Pt/Nf}, a small frac-
tion of absorbed Ru(bpy)s2* was leached out of Nf film because
MV?2* displaced some Ru(bpy)s;2* in the cation-exchange sites.
Rabani et al. also observed that the bound Ru(bpy);%* could be
exchanged with MVZ2* in an aqueous Nafion solution [15]. Accord-
ing to the manufacturer, the ion-exchange capacity of Nf film
is ca. 1.0 mequiv./g, which corresponds to 11 pequiv./cm?. In the
present experimental condition, the ion-exchange sites occupied
by Ru(bpy)s2* in {Nf} are as low as 1 pequiv./cm2. In the pres-
ence of 1 mM MV?* (solution volume =9 mL, total 18 pequiv.), the
exchange sites of the Nf film (1.8 cm?), which are around 20 pequiv.,
are mostly occupied by MV2*, Therefore, unbound MV2* molecules
that may diffuse freely through the pores of Nf membrane are avail-
able only when the total concentration of MV2* is much higher
than 1mM. When most MV2* molecules, the electron shuttles,
are bound at the ion-exchange sites, their mobility within the Nf
membrane is highly restricted and they cannot play the role of
the electron shuttle efficiently. This is consistent with the fact that
the hydrogen production in {Ru'/Pt/Nf} system with 1 mM MV2*
is completely absent whereas the homogeneous counterpart was
quite effective in H, production with [MV2*]=1mM. Therefore,
the efficient hydrogen production in {Ru'/Pt/Nf} system is medi-
ated by the unbound electron shuttles (MV2*) that are available
at [MV2*]>1mM. In addition, it should be noted that the Nafion
support provides a favorable environment for the electron trans-
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Fig. 4. (a) Time profiles of visible-light-induced H, production in the heteroge-
nized {Ru"/Pt/Nf} film with different Pt loading. (b) The rate of H, production
(averaged over 3-5h) as a function of Pt loading in the heterogeneous systems.
The experimental conditions were: [Ru(bpy)3%* |n¢ = 0.43 wmol/cm?; [MV?*]=4 mM;
[EDTA] =4 mM; visible-light (A >420 nm) irradiated.

fer. As a result of the photo-induced electron transfer (Reaction (3))
in Nf film, Ru(bpy)3;3* and MV* are generated. The former is more
bound to the sulfonate group (electrostatically) than Ru(bpy)s2*
while the latter is less bound and more mobile than MVZ*. The
enhanced mobility of MV* in Nf film should increase the production
of hydrogen.

The dependence of the H, production rate on [EDTA], the
electron donor, is also different between the two systems. In
the homogeneous solution, the hydrogen production rate rapidly
increased when [EDTA] increased from 0 to 2 mM (Fig. S3) whereas
that in the heterogenized system was much less efficient in
the same concentration range of EDTA (Fig. 5c¢). However, in
both systems the H, production rate was saturated at around
[EDTA]=4 mM. The low efficiency of EDTA as an electron donor
below 2mM in {Ru'l/Pt/Nf} system may be due to the hindered
accessibility of EDTA anions, which are present predominantly
as anionic forms (H,Y2~ or HY3~) at pH 3-10, to the channels
in the Nf film. At [EDTA]<2mM, not enough EDTA molecules
may be present around the sensitizer molecules anchored within
the Nf film because of the electrostatic repulsion between EDTA
anions and Nf-sulfonate groups whereas the electrostatic attrac-
tion between the EDTA anions and Ru(bpy)s2* is predominant in
the homogeneous solution. The overall sensitization process seems
to be efficient only when enough electron donors are available at
[EDTA]>2 mM within the Nf film.
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3.3. Nafion membrane as a platform of hydrogen generation

The Nafion film has unique properties such as high cation-
exchange capacity, nanoporous channel structure for diffusion, high
proton activity inside the pores, and chemical and photochemical
stability. Such properties of the Nafion film are highly suitable to its
utilization as a support for integrating photoactive components for
solar hydrogen production.

Solution

Aqueous Interface

Nafion

Scheme 3. Schematic diagram of the sensitized production of hydrogen in the Nf
film on which photoactive components are immobilized. Ru(bpy);?* sensitizers are
initially absorbed through ion exchange in the Nf film and Pt particle are deposited
on the Nf film surface, whereas MV2* molecules are distributed among the Nf film
bulk (MV,2*), the interfacial region (MV,?*), and the solution bulk (MV%*).

The strongly acidic environment of the Nafion pores, a homo-
logue of perfluorosulfonic superacids [28], provides an ideal
condition for hydrogen production. The high proton activity
enhances the thermochemical driving force for the electron transfer
between MV* and H*. While the reduction potential of pro-
tons (E°(H*/H;)=0.0Vnge) shifts to the positive direction with
decreasing pH (Nernstian behavior: —59 mV/pH), the reduction
potential of the electron shuttle (E°(MV2*/MV*)=—0.44Vnyg) is
pH-independent. Therefore, the proton reduction by MV* should
be thermodynamically more favored within the Nf matrix than in
the solution bulk.

In {Nf} film, Pt and Ru(bpy)3%* are immobilized at different sites.
Pt particles are mostly on the external surface of the film as Fig. 1 and
Scheme 2 show while Ru(bpy)3;2* sensitizers are primarily bound
around the sulfonate site in the inner channel along with a minor
fraction located at the external Nafion film. Thus there are two
electron-transfer pathways from the bound Ru(bpy)3;2*” to the sur-
face Pt site: via Ru(bpy)s3*/Ru(bpy)32* shuttle vs. via MVZ*/MV*
shuttle. Although the electron transfer between Ru(bpy);2* and
Ru(bpy);3* (i.e., self-quenching or self-exchanging) is likely to hap-
pen by electron hopping and molecular diffusion [29], the apparent
electron transfer rate between the bound redox molecules in poly-
mer films was estimated to be lower by 4-5 orders of magnitude
than that in aqueous solution [30]. Therefore, the efficient electron
transfer from Ru(bpy)3;2* to Pt via the Ru(bpy)s3*/Ru(bpy);2* shut-
tle is limited and needs the presence of the unbound electron-relay
like MV2* (see Scheme 3). The lifetime of the triplet excited state
of Ru(bpy);2*" in wet Nf membrane was measured to be around
900-1200ns, which is longer than that in water (598 ns) or dried
Nafion (600ns). Thus, the chance of the electron transfer from
Ru(bpy)32** to nearby MVZ* molecules is higher in Nf film. With
[MV2*]<1 mM, almost all MV2* ions are bound at the ion-exchange
site and do not properly function as an electron shuttle (Scheme 3).
To further test whether the bound MV2* can be effective as an elec-
tron shuttle, we prepared MVZ*-preadsorbed {Rul!/MVZ*/Pt/Nf}
film and immersed it in EDTA solution (without MV2*). There was
no hydrogen production observed under visible-light irradiation,
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which verifies that acting electron shuttles should be unbound.
The self-exchange rate between MV2* and MV* decreases by ca.
four orders of magnitude in the Nafion film as compared to that
in the aqueous solution [31]. This indicates the electron transfer
is achieved mainly by the molecular diffusion of the MVZ*/MV* in
the Nafion. Enough free electron shuttles are available only above
[MV2*]>4mM (see Fig. 5b). The electron-mediating action of MVZ*
seems to be also related with the induction period for hydrogen
production observed in {Rul!/Pt/Nf} system (see Fig. 4a). In this het-
erogenized system, the hydrogen evolution was always preceded
by the blue coloration of the solution containing {Rul/Pt/Nf} film,
which indicates both that MV* diffuses out of the Nf film and that
the diffused-out MV™ initiates the production of hydrogen at the
Pt site on the external surface of Nafion film. Since MV* should be
generated in the film bulk where most sensitizers are anchored, the
hydrogen production does not start until enough MV* ions accumu-
late and diffuse out to the external surface where the active Pt is
available.

4. Conclusion

The photoactive components-loaded Nafion film successfully
produced molecular hydrogen under visible-light irradiation.
Although this study deals with a well-known combination of
sensitizer, electron relay, and electron donor for hydrogen produc-
tion, integrating these components within a polymer membrane
presents a different and uninvestigated problem. Nafion provides
a unique local environment in which all the key processes such
as components immobilization, light absorption, charge sepa-
ration/transfer, and hydrogen production coincide. The present
example employing Nafion, Ru(bpy)s2*, MV2*, and Pt as main com-
ponents can be considered as a basic model for the development
of H,-generating film solar reactor and can be further modified
by changing the kind of sensitizers, ion-exchange resins, electron
shuttles, and cocatalysts for better efficiency and lower cost. The
film-type solar hydrogen reactor is ideally suited to harvesting solar
energy over the large surface area.
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