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In this study, we improved the hydrogen production efficiency by

combining photosystem I with an artificial light harvesting dye,

Lumogen Red. In the reaction system, Lumogen Red allows light

absorption and energy transfer to photosystem I by Förster reso-

nance energy transfer; therefore, the Pt nanoparticles act as active

sites for hydrogen generation.

Photosynthesis is used by plants and algae for the fixation of
carbon dioxide and the conversion of solar energy into chemi-
cal energy.1,2 Recent technological developments have led to
increased consumption of fossil fuels, resulting in energy
depletion and global warming.3 Hence, much effort has been
devoted to realizing artificial photosynthetic systems for the
efficient utilization of solar energy.4–6 As the fundamental step
in this direction, the mechanism of photosynthesis in plants
and algae has also been elucidated.7–14 In plants and algae,
photosystem I (PSI) and photosystem II (PSII), which are mem-
brane protein complexes, are responsible for the light-driven
reaction of photosynthesis. In this photosynthetic protein, the
absorbed light energy is transferred from the light harvesting
system to the reaction centre, and the quantum yield has been

confirmed to be ∼100%.15 The electron transfer systems of PSI
are highly aligned energetically and spatially.16 Electron transfer
from the lumenal side, which accepts electrons, to the stromal
side, which donates electrons using the electron transfer
system, enables physical charge separation and achieves high
quantum yield.17 Green algae present in polluted water bodies
poses an environmental problem, but can produce both PSI and
PSII. Therefore, energy generation using photosynthetic proteins
has emerged as a hot topic of research in recent years.18,19

In artificial photosynthesis using semiconductors, since
most of photocatalysts absorb ultraviolet light, the use of
visible light is required for highly efficient photocatalytic reac-
tions.4 From this view point, PSI has an excellent feature of
absorbing blue and red light in the visible light region.
However, to increase the efficiency of artificial photosynthesis
using PSI, it is required to utilize 450–650 nm light that can not
be absorbed by PSI. Therefore, in this study, we attempted to
combine hydrogen production system using PSI with the Förster
Resonance Energy Transfer (FRET) concept used in dye-sensi-
tized solar cells and photocatalytic hydrogen production.20,21 In
this system, an artificial light harvesting dye, Lumogen Red (LR)
which can absorb visible light with wavelength of 490–630 nm
was used as a donor for FRET. PSI acting as an acceptor is com-
bined with a platinum (Pt) co-catalyst and generates hydrogen
with the received energy. To the best of our knowledge, highly
efficient hydrogen generation using PSI, together with energy
harvesting by FRET, has not been reported previously, and our
findings can serve as a guide for further improving the
efficiency of devices based on photosynthetic proteins and for
producing clean and sustainable energy (such as hydrogen).

PSI core complexes were purified from Thermosynechococcus
vulcanus (T. vulcanus), according to the previous methods22–24

with slight modifications. Harvested T. vulcanus cells were
treated with lysozyme for 2 h at 38 °C in darkness and then
centrifuged at 10 000g for 10 min. The obtained precipitants
were suspended in a small amount of a buffer containing 25%
(w/v) glycerol, 20 mM Hepes-NaOH (pH 7.0), and 10 mM
MgCl2. Subsequently, the samples were stored at −80 °C, and
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the thylakoid membranes were obtained by a freeze–thawing
method.25 The thylakoid membranes were solubilized with
0.6% (w/v) n-dodecyl-β-D-maltoside (β-DDM) and then centri-
fuged at 38 900g for 90 min at 4 °C. Next, the obtained super-
natants were filtrated through a 0.45 μm filter and loaded onto
an anion-exchange column (DEAE TOYOPEARL 650S) with 5%
(w/v) glycerol, 30 mM Mes (pH 6.0), 3 mM CaCl2, and 0.03%
(w/v) β-DDM. The column was washed with the same buffer
containing 80 mM NaCl to remove a large amount of phycobi-
lisome impurities. PSI core complexes were eluted with a
linear gradient of NaCl concentration from 80 to 140 mM in
the same buffer. The fluorescence spectra of these core com-
plexes were measured at 25 °C and −196 °C to confirm the
existence of PSI (Fig. S1†). The PSI/Pt nanoparticle (PSI/PtNP)
composite was fabricated by following the methods reported
by Chen et al. and Utschig et al.26,27 To prepare the PtNPs,
5 mL of 67.6 mM NaBH4 was added to a mixture of 10 mL of
3.38 mM H2PtCl6 and 1 mL of 23.7 mM mercaptosuccinic
acid. Then, 5 mL of the buffer solution with 0.512 mL of the
PSI extract solution (7.11 μM PSI trimer) and 1.82 mL of 2 mM
PtNP were mixed, and the mixture was allowed to stand in a
cool, dark place for 12 h to obtain the PSI/PtNP composite. It
is considered that the interaction between PSI and PtNP is
mainly electrostatic in nature.27

Hydrogen evolution experiments were conducted in a vial
bottle (23 mL) with Ar gas circulation. The PSI/PtNP composite
solution and 4 mL of 1 mM LR solution in methanol were pre-
pared in the reaction cell, and 0.211 g of ascorbic acid and
17.4 mg of dichloroindophenol (DCIP) sodium salt were added
as the sacrificial reagent and the reaction mediator, respect-
ively. Thereafter, buffer solution was added to bring the total
volume to 12 mL.

A Xe lamp (CERMAX LX-300, ILC Technology), with a UV
cut-off filter (λ > 420 nm) and bandpass filter (λ =
490–630 nm), was used as the visible-light source. Ar flow was
stopped for 30 min to accumulate the evolving hydrogen, and
a 0.1 mL aliquot of this gas was collected using a gas-tight
syringe. The sample was injected into the gas chromatograph
(GC-8A, Shimadzu) for detection of the evolved hydrogen.

Fig. 1 shows the relationship between the amount of hydro-
gen evolution and the reaction time with the prepared compo-
sites. The absorption spectra of the PSI (a) and LR (b) are
shown in Fig. 2. The fluorescence spectrum of the LR is shown
in Fig. 2(c). Fig. 1 shows clear hydrogen evolution in the case
of the PSI/PtNP + LR system, and only a small amount of
hydrogen was detected in the case of PSI/PtNP. This was prob-
ably because the light intensity of the Xe lamp was weak at the
wavelength of ∼680 nm and excited electrons were insufficient
for hydrogen generation with absorption by the chlorophyll of
PSI. Since the generation of hydrogen involves a two-electron
reduction reaction, almost no hydrogen production was
observed under such low absorption conditions in that it was
deactivated before the excited electrons gathered.28 On the
other hand, using the PSI/PtNP + LR system, hydrogen gene-
ration was observed due to energy transfer by FRET (Fig. 3).
The spectra shown in Fig. 2(b) and (c), the fluorescence wave-

length of LR overlaps with the absorption wavelength of PSI,
which is one of the requirements for FRET to occur. The
energy obtained by the absorption of light in the vicinity of
580 nm facilitated LR transfer to the reaction centre of PSI.
The excited electrons in PSI were collected in PtNP, and hydro-
gen was generated by two-electron reduction. In PSI/PtNP +
LR, the hydrogen production rate became constant at 26.3 mol
H2 (mol PSI)−1 h−1. In the early stages of the reaction, the
excited electrons were consumed by the reduction of Pt, as the
hydrogen generation rate gradually increased until stable

Fig. 1 Amount of evolved hydrogen as a function of time for the PSI/
PtNP + LR and PSI/PtNP composites under visible light irradiation. Light
source: Blue square, λ = 490–630 nm; red triangle, green circle and
cross mark, λ > 420 nm; reactor: 23 mL vial bottle under Ar flow;
reagents: ascorbic acid as a sacrificial reagent and DCIP as a mediator.

Fig. 2 (a) Absorption spectrum of the purified PSI in buffer solution
after normalization. (b) Absorption spectrum of LR in methanol after
normalization. (c) Fluorescence spectrum of LR in methanol after
normalization.
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hydrogen production was obtained. It was confirmed that a
part of the prepared PtNP was oxidation state before the hydro-
gen evolution reaction from XPS analysis (Fig. S2†).

To confirm that hydrogen production is driven by the
energy of light absorbed by LR, a hydrogen generation experi-
ment was conducted using the absorption wavelength band of
LR (λ = 490–630 nm) (Fig. 1, the plot of blue squares). The
amount of generated hydrogen was almost same as that
obtained using the cut-off filter (λ > 420 nm). This result
suggests that hydrogen generation occurs mostly due to
absorption of light of wavelength λ = 490–630 nm by LR. For
confirming that the reaction follows the mechanism shown in
Fig. 3, control experiments were performed with the same
composite system but without PtNP or PSI; no hydrogen pro-
duction was observed in either case. These results show that in
the absence of LR, light absorption was insufficient for the
two-electron reduction reaction to proceed. In the absence of
PSI, hydrogen was not generated (Fig. 1, the plot of cross
mark) because there was no energy acceptor, and the efficiency
of charge separation was poor. In the absence of PtNP, no
active sites were present for the hydrogen production reaction,
and thus, hydrogen was not generated.

Furthermore, to confirm the energy transfer from LR to PSI,
fluorescence quenching of LR upon adding PSI solution was
experimentally studied, according to the following procedure.
LR was dissolved in methanol to prepare a 0.02 mM solution.
Thereafter, the prepared LR solution was diluted by adding
Hepes-NaOH and 3 mL of the diluted solution was placed in
the fluorescence measuring cell. The fluorescence spectra were
upon excitation at 520 nm, and 10 μL of PSI solution (2.04 mg
chlorophyll per mL) was added for each measurement, and
finally a total of 50 μL was added. Fig. 4 shows that the fluo-
rescence intensity of LR (near 620 nm) is attenuated by adding
PSI solution. As the fluorescence of the donor molecule LR is
quenched, the fluorescence intensity (near 720 nm) of PSI (as
an acceptor) increases, which confirms that energy transfer by
FRET occurs between PSI and LR. In addition, from the result
of Fig. 4, we created a Stern–Volmer plot and obtained a linear
approximation line (Fig. S3†). This fact suggests that quench-
ing of LR fluorescence occurred by FRET.

In the hydrogen production system described here, LR
absorbed visible light that cannot be absorbed by PSI (λ =
490–630 nm) and the energy transfer to PSI by FRET was rea-
lized. This fact is supported by the overlapping of the absorp-
tion spectrum of PSI and the fluorescence spectrum of LR
(Fig. 2) and by the result that the fluorescence of LR was atte-
nuated upon PSI addition and the fluorescence of PSI
increased (Fig. 4 and Fig. S2†). The energy transferred from LR
excites a special pair of electrons in PSI and the generated
holes oxidize ascorbic acid via the DCIP mediator. On the
other hand, the excited electrons move from the lumenal side
to the stromal side of PSI, enabling highly efficient charge sep-
aration.17 Thereafter, the excited electrons are collected at
PtNPs organized on PSI. This facilitates two-electron reduction
and the PtNPs behave as hydrogen evolution sites (Fig. 3).
Hydrogen production under visible light can hardly be con-
firmed with PSI/PtNP, but due to the reaction following this
mechanism, hydrogen generation could be observed (Fig. 1).
This technique of using FRET to improve visible light absorp-
tion enabled taking advantage of the characteristics of PSI. In
addition, it should be highly useful in the field of photochem-
istry in electrodes, solar cells, photocatalyst composites, etc.,
for many applications such as hydrogen production, power
generation, CO2 reduction, etc.

Conclusions

In this study, PSI extracted from T. vulcanus was combined
with PtNP and was used in combination with LR to archive
hydrogen production in the presence of visible light. In the
hydrogen generation reaction system described here, visible
light, PSI, PtNP, and LR are all indispensable. LR absorbs
visible light of sufficient energy and charge separation
occurred at the reaction centre of PSI due to energy transfer
from LR by FRET. The resultant excited electrons are collected
in the composited PtNP, and hydrogen is evolved via

Fig. 3 Schematic illustration of the hydrogen evolution mechanism
using the PSI/PtNP + LR composite in the presence of ascorbic acid as a
sacrificial reagent and DCIP as a mediator.

Fig. 4 Fluorescence quenching spectra of LR at different concen-
trations of PSI at 25 °C. Concentrations: [LR] = 6.67 μM, [PSI] = 2.04 mg
chlorophyll per mL (adding from 10 to 50 μL).
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reduction. In the reaction system using light harvesting dye,
the wavelength range for FRET can be extended, and it can be
expected to be used for more efficient photocatalytic reactions
and solar cells by choosing the appropriate light harvesting
dye.
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