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APPLIED SCIENCES AND ENGINEERING

Enhanced interfacial electron transfer between
thylakoids and RuO, nanosheets for photosynthetic

energy harvesting

Hyeonaug Hong”, Jang Mee Lee?, JaeHyoung Yun’, Yong Jae Kim', Seon Il Kim’,
Hyeln Shin', Hyun S. Ahn3, Seong-Ju Hwang**, WonHyoung Ryu'*

The harvesting of photosynthetic electrons (PEs) directly from photosynthetic complexes has been demonstrated
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over the past decade. However, their limited efficiency and stability have hampered further practical develop-
ment. For example, despite its importance, the interfacial electron transfer between the photosynthetic apparatus
and the electrode has received little attention. In this study, we modified electrodes with RuO, nanosheets to
enhance the extraction of PEs from thylakoids, and the PE transfer was promoted by proton adsorption and sur-
face polarity characteristics. The adsorbed protons maintained the potential of an electrode more positive, and
the surface polarity enhanced thylakoid attachment to the electrode in addition to promoting ensemble docking
between the redox species and the electrode. The RuO; bioanode exhibited a five times larger current density and
a four times larger power density than the Au bioanode. Last, the electric calculators were successfully powered

by photosynthetic energy using a RuO, bioanode.

INTRODUCTION

Photosynthesis is one of the most efficient energy conversion pro-
cesses that exist in nature, where the quantum efficiency of the
number of oxygen molecules produced from water splitting by pho-
ton absorption is known to be close to 100% (I, 2). Photosynthesis
occurs in the thylakoid membranes (TMs) within the chloroplasts
of photosynthetic plants, algae, or bacteria. The thylakoids contain
photosynthetic apparatus such as photosystem II (PSII), the plas-
toquinone (PQ) pool, cytochrome bgf (Cyt bef), plastocyanin (PC),
and PSI. Initially, in PSII, photosynthetic electrons (PEs) are gener-
ated by water splitting, and using the energy of the incident pho-
tons, they become high-energy PEs (photosynthetic Z scheme). The
PEs are then transported through sequential redox reactions by
electron carriers such as PQ, Cyt bef, and PC in the PE transport
(PET) chain. Subsequently, the PEs are transferred to the acceptor
site of PSI by PC and are excited by the incident photon energy. Last,
ferredoxin (FD) oxidizes PSI and migrates to reduce nicotinamide
adenine dinucleotide phosphate (NADP") to NADPH, which is ulti-
mately used in the synthesis of carbohydrates.

To date, various attempts have been made to extract PEs from
photosynthetic microorganisms, including algae (3-6) and cyano-
bacteria (7-10) or purified photosynthetic complexes, including
PSI (11-17), PSII (15, 18-20), and TMs (21-34). Although algae
and cyanobacteria are highly stable and capable of generating PEs,
the use of mediators and uncontrolled proliferation of cells is disad-
vantageous. Instead, when isolated photosystems are used, a much
higher photosynthetic energy density can be obtained compared to
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the algae/bacteria approach. However, the instability of PSIT and
the need for electron donors for PSI result in limitations for these
systems. In contrast, TMs are advantageous because of their simple
isolation process, their stability over several days or longer, and the
variety of sources available for PE extraction. Thus, when TMs are
used, PEs can be extracted from a variety of electron carriers in PET
chains, such as PSII, PQ, Cyt bef, PC, or PSI (35).

To extract PEs, the potential of the electrode surface should be
maintained more positive than the redox potential of the electron
donor sites of the photosystems or electron carriers. In this process,
PEs can be transferred only when the redox species are completely
attached or very close to the electrode, and so, if they are located far
from the electrode, then the transfer of PEs is limited. This physical
contact is influenced by the electrostatic or hydrophilic attractions
between the electron carrier and the electrode, and these conditions
play a particularly important role in interfacial electron transfer
(36-38). Thus, to improve direct PE transfer, including electron
transfer by endogenous electron carriers without considering elec-
tron transfer by artificial mediators, several studies have been
carried out to reduce the physical distance by generating chemical
bonds between the photosynthetic complexes and the electrodes
(7, 8, 11, 21, 24, 33, 39). However, these strategies still have limita-
tions in that the fabrication of chemical bonding is too complicated,
and the chemically bonded length is too long for direct PE transfer
(40). Studies have also been conducted to increase the amount of
extracted PEs by injecting artificial mediators that can shuttle PEs
from the redox species to the electrodes (8, 10, 12, 21, 23). However,
although these methods show increased photosynthetic current
densities, the artificial mediators used are associated with environ-
mental toxicity and electrical potential loss.

For these reasons, the direct extraction of PEs from the PET chain
without artificial mobile mediators has been pursued to achieve
highly efficient and stable PE harvesting. A key issue in direct PE
extraction is the lack of an understanding as to how PEs can be ex-
tracted from the photosynthetic apparatus to the electrode surface
(anode). Previous studies have reported increased PE collection by
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attaching PSII, PSI, and TMs to various electrodes with tethering
chemical linkers (7, 21). However, despite improved performances,
the mechanisms of PET from the photosynthetic apparatus through
the linkers to the electrodes have yet to be clearly explained.

In this study, we propose a two-dimensional (2D) ruthenium
dioxide (RuQ;) nanosheet (NS)-modified electrode to increase the
amount of PE extracted from thylakoids (Fig. 1). RuO, NSs are
known to adsorb protons inside their lattice in an aqueous solution,
which leads to the potential of the RuO, electrodes becoming more
positive than that of an Au electrode (Fig. 1B) (41-43). In addition,
because of the fact that RuO, NSs have locally varying positive and
negative surface charges, TMs bearing negative surface charges due
to the presence of carboxyl groups and/or the phosphate groups of
proteins (and a small portion of sulfo- and phospholipids) can be
firmly attached to the positively charged region of the NS surfaces
by electrostatic attractions (Fig. 1C) (44, 45). Such heterogeneous
distribution of the surface charges also allows for the ensemble
docking of photosynthetic proteins to the matching spot on the
electrode surface, and the metal-like high-electrical conductivity of
the RuO, N facilitates highly efficient PET from the photosynthetic
proteins to the electrode regardless of their surface charges (Fig. 1D)
(41). Thus, we report the preparation of RuO, NS-modified electrodes
(RuO;, electrodes) by electrophoretic deposition and subsequent
demonstration of their enhanced functionality as biophotoanodes.
In addition, the PE extraction capability of the RuO, electrodes
bearing thylakoids (RuO; bioanodes) is compared with that of Au
bioanodes. Last, photosynthetic electrochemical cells are constructed
using the RuO, bioanodes, and the operation of a small calculator
by photosynthetic energy through the connection of multiple cells
is investigated.
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RESULTS

Fabrication of the RuO; electrodes

Exfoliated RuO; NSs were prepared by the chemical exfoliation of
layered a-NaRuO, structures, as reported previously (46). Trans-
mission electron microscopy images of the obtained RuO, NSs
showed a 2D sheet-like morphology with faint contrast, confirming
successful exfoliation into monolayered 2D RuO, NSs with lateral
sizes of several hundred nanometers and a subnanometer level
thickness. The exfoliated RuO, NSs appeared negative in the zeta
potential analysis, indicating their anionic surface. To modify the
electrodes with RuO; NSs, two deposition methods were investigated,
namely, drop-casting and electrophoresis (see section S2). In both
cases, similar photosynthetic currents were observed. However, the
RuO; N film fabricated by drop-casting was nonuniform and eas-
ily detached upon immersion in an aqueous solution (fig. S2). On
the other hand, electrophoresis resulted in the more uniform modifi-
cation of the electrode with NSs, thereby leading to faster and more
stable electron transfer. On the basis of these results, we selected
electrophoretically modified electrodes for use in this study.

Deposition of the thylakoid films

The processes used for thylakoid purification and measurement of
the chlorophyll concentration are described in Materials and Meth-
ods. An aliquot (30 pl) of the thylakoid solution with a chlorophyll
concentration of 2 mg ml™' was drop-casted onto an Au electrode
and a RuO; electrode for photosynthetic current measurements.
After 3 hours of drying, the thylakoids formed 5- to 10-um-thick
films on the electrodes (fig. S3, A and B). To attach thylakoids to the
RuO; NS, the drop-casted thylakoid solution was dried to physically
attach the thylakoids to the electrode. Since thylakoid drying for
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Fig. 1. Enhanced interfacial electron transfer through RuO; NSs. (A) Schematic of PE harvesting with RuO, bioanode. ATP, adenosine 5"-triphosphate. (B) Proton ad-
sorption characteristic of RuO, NS result in positive electrode potential. (C) Adhesion enhancement by electrostatic interactions between RuO, NS and TMs. (D) Ensemble

docking induced by RuO; NS to electron carrier and PS.
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long periods may damage the thylakoid performance, the drying
time was set to a maximum of 3 hours. In the presence of 2,6-
dichlorophenolindophenol (DCPIP), the absorbance of the dried
thylakoid at 600 nm decreased because of the reduction of DCPIP,
and so, it was confirmed that the photosynthetic activity of the
drop-casted thylakoid had been maintained (fig. S4).

Thylakoid adhesion to the electrodes

To confirm the adhesion between the thylakoids and the electrode
surfaces, dried thylakoids were eliminated by rigorous washing with
deionized water and N, blowing. In the case of the bare Au elec-
trode, the drop-casted thylakoids were found to be successfully
washed off (fig. S3, C and D). In contrast, the thylakoids remained
firmly attached to the RuO, electrode surface after washing (fig. S3,
E and F). Most of the thylakoids were located close to the RuO; NSs,
which can be observed as a wrinkled structure in fig. S3F. This was due
to the fact that the partially positively charged surfaces of the RuO,
NSs enhanced adhesion of the TM to the electrode, thereby prevent-
ing their detachment from the electrode despite thorough washing.

Electrode potential of the RuO, electrode

One of the important roles of RuO, NSs in PE harvesting is proton
adsorption, which results in a more positive electrode potential. As
shown in Fig. 2, RuO; electrodes have a more positive potential
than Au electrodes, which is beneficial in the context of extracting
PEs from thylakoids during photosynthesis. More specifically, the
electron carriers in the PET chain are more attracted when the elec-
trical field is strong. Considering the electronegativities of the Ru
and O atoms, it would be preferable for protons to be adsorbed
close to the O atoms rather than the Ru atoms in the RuO; lattice.
Proton adsorption in the vicinity of the O atoms in the RuO, NSs
can be clearly evidenced by Ru K-edge extended x-ray absorption
fine structure (EXAFS) analysis for the RuO, NSs both in the pres-
ence and absence of an electrolyte. As shown in fig. S5, soaking in
the electrolyte leads to a slight decrease in the oscillation wavelength
in the EXAFS oscillation, reflecting an increase in the Ru-O bond
distance. This is further confirmed by the distinct shift in the Fouri-
er transform (FT) peak at ~1.7 A, corresponding to a longer Ru-O
bonding shell upon soaking in the electrolyte. The elongation of the
Ru-O bond distance in the electrolyte can be interpreted as strong
evidence for proton adsorption on the O atom, since the newly cre-
ated O-H" interaction weakens the neighboring Ru-O bond via the
bond competition effect. To quantitatively estimate the local struc-
tural evolution of the RuO, NSs caused by the electrolyte, fitting
analysis was carried out for the obtained EXAFS spectra, as outlined
in table S1. Because of the uncertainty of the bond distance (R) esti-
mated from EXAFS fitting analysis (+0.01 A), the RuO, NSs soaked
in an electrolyte exhibit distinctly longer Ru-O bond distances than
in the absence of an electrolyte, thereby confirming elongation of
the Ru-O bond upon proton adsorption. Upon integration of the
TM with the RuO; NSs, this phenomenon of proton absorption
leads to the remarkable facilitation of electron extraction from the
TM, thereby preventing charge accumulation in the RuO, NS.

On the other hand, the potentials of the thylakoid-deposited Au
and RuO; bioanodes are more negative than before thylakoid depo-
sition (Fig. 2A), and this is due to the potential formed by the pho-
tosystems or electron carriers of the TMs contacted on the electrode.
Because of the fact that the most positive redox potential of the electron
carriers on the PET chain is <200 mV (the redox potential of PC is
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Fig. 2. Electrode potential of electrodes. (A) Electrode potential of Au and RuO,
electrodes without and with thylakoid and during PEs harvesting. ***Student’s t test,
P <0.001 and n =5 for statistical analysis. (B) Midpoint potential of electron carriers on
PET chain of thylakoid. Oxygen evolution complex (OEC), tyrosine (Tyr,), pheophytin
(pheo), primary and secondary acceptor quinone (Qa and Qg), chlorophyll (Ag), and
pylloquinone (A;).

160 mV versus Ag/AgCl), enhanced PE extraction is possible using
the RuO; electrodes (Fig. 2B).

Since the proton adsorption behavior of RuO; is related to its
pseudocapacitance, we subsequently investigated the supercapacitive
characteristics of the RuO, electrodes. In previous studies, Pankratova et al.
and Santoro et al. (24, 47) reported that an enhanced capacitance
can improve the current density of a photobioanode by reducing
the impedance of the electrode. Figure S6 shows the cyclic voltammo-
grams of the RuO; and Au electrodes in the presence of 100 mM
potassium nitrate in phosphate-buffered saline (PBS). The capaci-
tances calculated from the cyclic voltammograms were 11.5 uF cm ™
for the Au electrode and 101.6 uF cm? for the RuO, electrode.
This supercapacitive nature of the RuO, electrode is likely to ex-
plain the sharper increase in PE currents upon illumination com-
pared to the onset behavior of the PE currents collected by the Au
electrode (Fig. 3A).

Extraction of PEs

To investigate the effect of the NSs on the photocurrents, the pho-
toelectric currents were measured without thylakoid loading on the
Au and RuO; electrodes. Figure S7 shows that upon examination of
the magnitudes of the photosynthetic currents, the photoelectric
currents were sufficiently small to be considered negligible. With
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Fig. 3. Photosynthetic currents measured from Au and RuO, bioanodes. (A) Photosynthetic currents with 10 mW cm™' of light intensity and 400 mV of bias potential.
(B) Mediated PEs harvesting through potassium ferricyanide. (C) PE currents depending on light intensity with 400 mV bias potential. (D) Dependency of PE currents on
the bias potential with 10 mW cm ™' of light intensity. Photosynthetic current before and after 1 mM 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) addition to (E) Au

bioanode and (F) RuO, bioanode.

thylakoid deposition on each type of electrode, photosynthetic cur-
rents of 70 and 500 nA were measured for the Au and RuO, bio-
anodes, respectively (Fig. 3A). This result can be attributed to the
positive electrode potential of the RuO, bioanode compared to that
of the Au bioanode, as well as the surface polarity of the RuO, elec-
trodes. As previously mentioned, since a more positive electrode
can extract a larger amount of PEs from thylakoids, the RuO; bio-
anode exhibited larger PE currents than the Au bioanode. Surface
polarity is another important property of RuO, NSs, which can in-
fluence the adhesion and ensemble docking between the electron
carriers and the electrodes. Enhanced adhesion can reduce the distance
between the thylakoids and the electrodes, which, in turn, facilitates
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the transportation of PEs to the electrodes. The partially positively
and negatively charged surfaces of RuO, NSs can induce ensemble
docking, which improves the efficiency of PE transfer by attracting
greater numbers of electron carriers from the thylakoids regardless
of whether their surfaces are negatively or positively charged. This
will be discussed further in Discussion.

To better understand the mechanism behind the enhancement
in PE extraction, a mediator was added to the system, and the pho-
tosynthetic currents were measured for both the Au and the RuO,
bioanodes. If the increase in PE currents is due only to the enhanced
contact between photosynthetic proteins and the RuO, electrode,
then the magnitude of the PE currents from both the Au and RuO,
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electrodes should be similar when a sufficient mediator is present.
More specifically, sufficient artificial mediators can shuttle almost
all PEs to the electrode surface from the thylakoids, even those that
exhibit a weak adhesion or exist far from the electrode surface. To
verify this hypothesis, 30 mM potassium ferricyanide as a mediator
and 300 mM potassium nitrate as a supporting medium were added
to the solution. The photosynthetic currents (first peak) in the pres-
ence of the artificial mediator increased by more than 10 times for
both the RuO, and the Au bioanodes. This was attributed to the
initially high concentration of the mediator close to the electrode,
which decreases as the redox reaction progresses because of diffu-
sion limitations (21). Note that the magnitude of the PE current
from the RuO, bioanode was higher than that from the Au bioan-
ode (Fig. 3B). This additional enhancement can be explained by
considering the supercapacitor-like behavior of the RuO, NSs and
the more positive electrode potential compared to that of the Au
bioanode due to the proton adsorption characteristics of the RuO,
NSs. As shown in Fig. 2, in addition to the surface polarity effect, the
potential of the electrode also plays an important role in extracting
greater quantities of PEs.

Since intense light can produce greater quantities of PEs from
thylakoids, the photosynthetic currents resulting from different light
intensities were investigated. Thus, Fig. 3C shows the photosynthetic
currents achieved using 3, 6, 9, 12, 15, and 18 mW cm ™ of input
light power. With 3 mW cm™ of light power, photosynthetic cur-
rents of 20.8 and 92 nA were measured for the Au and RuO; bio-
anodes, respectively, while currents of 93 nA from the Au bioanode
and 426 nA from the RuO, bioanode were recorded with a light
intensity of 18 mW cm 2. Although the photosynthetic currents in-
creased upon increasing the intensity of the light power, the ratio of
the currents measured for the two bioanodes remained relatively
constant. The potential of an electrode is also an important param-
eter for extracting PEs from thylakoids. When the bias voltage is
large, PEs are more strongly attracted to the electrode, resulting in
larger PE currents (Fig. 3D). To confirm whether the current gener-
ated by light is a photosynthetic current, we added a Qg site inhibi-
tor, namely, 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU), to
the Au and RuO, bioanodes (Fig. 3, E and F). More specifically,
when 1 mM DCMU was added to the PBS solution, almost no pho-
tosynthetic current was measured for the Au bioanode, while a no-
ticeable residual current was observed for the RuO, bioanode. To
investigate the possibility that Qg was not inhibited because of the
slow diffusion of DCMU, samples of DCMU-treated thylakoids be-
fore drop-casting were also measured (fig. S8). However, the RuO,
bioanode still exhibited a residual current, and the magnitude of the
current was not considerably different from the previous result.
Such a residual current after DCMU treatment was also observed in
the PSII-decorated indium tin oxide electrode, which therefore in-
dicates that electron transfer from Qj to the electrode is possible
(48, 49). 1t is likely that the remaining photocurrents after DCMU
inhibition originated from the Q4 sites of PSII, the noninhibited
PSII, Cyt bef, or PSL Thus, to further understand the origin of the
photocurrents, ZnCl, was also applied as a Cyt bef inhibitor (fig.
S8). It was found that the magnitude of the photocurrents was larg-
er in the case of ZnCl, inhibition than when DCMU was used. This
indicates that the different photocurrents obtained upon DCMU
and ZnCl, inhibition originate from PSII or from the PQ pool.
These results are also consistent with those reported by Rasmussen
and Minteer (50).
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In situ x-ray absorption spectroscopy analysis during

the photosynthetic process

To understand the mechanism responsible for the substantial im-
provement in the photosynthetic properties of TMs upon the use of
RuO; NSs as an electrode-modifying metal oxide, in situ EXAFS
analysis was performed for RuO,-thylakoid and bare RuO, films
under light illumination, as shown in fig. S9. An anodic potential of
0.4 V was applied for both films under the same conditions as those
used in the previous photosynthetic current tests. Figure 4 illus-
trates the Fourier-filtered k*-weighted Ru K-edge EXAFS oscilla-
tions and their FT data for the RuO,-thylakoid and RuO, films
before and after light illumination, respectively. As shown, light
irradiation of the RuO, film induces a slight increase in the oscillation
wavelength, suggesting a shortening of the Ru-O bond distance,
whereas a negligible change was observed for the RuO,-thylakoid
film upon light irradiation. As shown in Fig. 4 (C and D), both films
display typical FT features of the o-NaRuO crystal phase consisting
of Ru-O and edge-shared Ru-Ru bonds at ~1.7 and ~2.8 A, respec-
tively. While the RuO,-thylakoid film exhibit nearly identical FT
peaks even after light illumination, a minute but distinct difference
is observed for the RuO, film, which shows distinct shortening of
the Ru-O bond distance under light illumination. The observed
shortening of the Ru-O bond distance for the bare RuO; film sug-
gests the occurrence of a slight increase in the Ru oxidation state,
which can be ascribed to the removal of electrons from the RuO,
NSs under light irradiation due to the photoelectric effect. On the
other hand, the negligible change in the Ru-O bond distance for the
RuO,-thylakoid film under light illumination can be interpreted as
an offset of the photoinduced electron depletion by electron injec-
tion from the intimately coupled thylakoid species (Fig. 1). Notably,
in contrast to the first FT peak, light illumination of the bare RuO,
film induces a notable intensity enhancement for the second FT
peak related to the Ru-Ru bond, which reflects an improvement in
the structural order. This is attributable to an increase in the Ru
oxidation state upon light illumination, which, in turn, results in an
enhanced stability for the RuO, lattice, and the depression of struc-
tural disorder. This phenomenon was not discernible for the RuO,-
thylakoid film, which exhibited no change in the Ru oxidation state
upon illumination. The unique characteristics of 2D NSs, such as an
unusually high anisotropic structure, a molecularly thin nature, and
a large surface area, enable the facile access and concomitant ad-
sorption of protons to the RuOj lattice. To quantitatively estimate
the local structural evolution before and after light illumination, a
fitting analysis was carried out for the obtained EXAFS spectra, as
shown in table S2 and fig. S10. The RuO, film exhibits a distinct
shortening of the Ru-O bond under light illumination, while light
irradiation has a negligible effect on the Ru-O bond distance of the
RuO;-thylakoid film. In addition, we could accurately estimate the
evolution of the coordination number (CN) upon thylakoid immo-
bilization using the amplitude reduction factor (S,°) obtained from
the reference RuO, NSs with a CN of 6 because the calculated CN
from the EXAFS fitting analysis corresponds to the product of
the real CN and Sy? values. As outlined in table S1, the RuO,-thylakoid
has a notably larger CN value (6.8) than that of the bare RuO,
film, which could be interpreted as clear evidence for the forma-
tion of additional interfacial coordination bonding between the
Ru ions of the RuO, NSs and the proteins of the thylakoid.
Such formation of interfacial coordination bonding between
the RuO, NSs and the thylakoid is effective in promoting internal
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Fig. 4. Fourier-filtered k3-weighted Ru K-edge EXAFS oscillations and their FT data. (A and B) In situ Fourier-filtered Ru K-edge EXAFS data and (C and D) their FT of
the (A and C) RuO,-thylakoid and (B and D) RuO; films before (black) and after (red) the light illumination.

charge transfer in the RuO,-thylakoid film via the inner sphere
mechanism.

To precisely characterize the nature of the electrode interface, we
also carried out variable-angle spectroscopic ellipsometry. The re-
fractive index (n) and extinction coefficients (k) for the RuO, and
thylakoid layers were measured as a function of the wavelength (fig.
S11). Between the RuO; and thylakoid layers, there is an additional
interface layer whose refractive index and extinction coefficients are
quite different from those of RuO; and the thylakoid layers. Note
that this interface layer displays a relatively higher extinction coeffi-
cient, which could be beneficial for boosting light absorption and
electron transfer (51).

Photosynthetic electrochemical full cell

To attempt the harvesting of photosynthetic energy, an electro-
chemical full cell was constructed with a photosynthetic bioanode
and an air-breathing cathode (Fig. 5A). PEs produced and harvested
at the bioanode are consumed to form water at the cathode by the
oxygen reduction reaction (ORR). The cell performance was tested
by linear sweep voltammetry from the open circuit voltage (OCV)
to 0 V using a potentiostat (Fig. 5B). The short circuit current and
maximum power from RuO, bioanode were determined to be 8.84 uA
cm 2 and 0.74 uyW cm 2, respectively, whereas values of 4.70 pA
cm 2 and 0.39 uW cm ™2 were obtained for the Au bioanode. In
addition, the OCVs of the RuO, and Au bioanodes are measured as
424 + 17.2 and 575.1 + 6.7 mV, respectively. This is due to the fact
that the potential of the RuO, bioanode is closer to the ORR potential
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of the air-breathing cathode than that of the Au bioanode. Although
the OCV of the RuO; bioanode is small, its maximum power is four
times higher than that of the Au bioanode owing to the large cur-
rent. To confirm the effect of light intensity on the cell power, the
intensity was controlled from the level of laboratory light (10 mW
cm™) to strong sunlight (100 mW c¢m ™). As shown in Fig. 5D, the
cell power increased noticeably upon increasing the light intensity.

To confirm the potential of photosynthetic energy harvesting,
the photosynthetic electrochemical cells were connected to a small
calculator that was originally operated by a 3-cm? solar cell panel.
Eight cells, each with an area of 1.7 cm?, were connected in parallel
as a pair (one set), and four sets were connected in series to form a
circuit (Fig. 6A). The constructed circuit exhibited an OCV > 1.4V,
which is sufficient to operate the calculator. The onset voltage of the
calculator was measured as 1.28 V, and when the voltage was greater
than the onset voltage, it turned on automatically. If the current fell
below 1 pA during operation, then the displayed digital numbers
became very dimmed, and when the current or voltage values
dropped below 400 nA or 0.77 V, respectively, the calculator shut
down and the circuit was opened, thereby resulting in an increase in
the OCV through recharging. Even in the absence of photosynthesis,
the OCV increased because of the movement of ions in the solution,
although a time of approximately 11 min was required to reach
1.2 V (Fig. 6D). At this time, when the calculator was turned on, the
current remained close to zero with the exception of the peak cur-
rent attributed to button pressing, and so, the calculator was shut
down within a few seconds (Fig. 6F, fig. S12, and movie S1). However,
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in the presence of photosynthesis, the OCV charged more rapidly
than in the absence of photosynthesis (i.e., 5 min and 30 s to reach
1.2 V, compared with ~10 min to reach 1.26 V), and the leakage
current was ~100 nA at 1.26 V in the off state of the calculator
(Fig. 6, D to F). Such fast charging under illumination is mostly due
to the PEs from the thylakoid, and the fact that some RuO, NSs may
have the possibility of charging through the photoelectric effect.
When the calculator was turned on, the voltage dropped rapidly
owing to the current flow (fig. S12 and movie S2). The current then
slowly decreased from a few microamperes to 400 to 500 nA for a
few minutes, and the current flow stopped when the calculator was
completely powered off. To increase the OCV before switching on
the calculator, the cells were disconnected from the calculator so
that the leakage current was suppressed (Fig. 6H). In this case, the
OCV gradually increased to >1.4 V, and after the cells were con-
nected, it was possible to operate the calculator for more than 30 s
because of the presence of this stored energy (movie S3).

DISCUSSION

Over the past decade, although many studies have been reported in
the area of photosynthetic energy harvesting, the amount of extracted
PEs is still limited, and the durability of the system is too short. To
improve the extraction of PEs, electrochemical mediators have been
used to enhance electron transfer between photosynthetic complexes
and electrodes; however, the use of mediators has undesirable side
effects, such as energy loss during redox reactions, environmental
toxicity, and instability due to exposure to light and temperature
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(52, 53). For direct PE extraction, photosynthetic complexes have
been immobilized on an electrode by chemical tethering or drop-
casting, and improved stabilities were demonstrated (18, 53). In
addition, Sekar et al. and Calkins et al. (7, 21) reported a further
improvement in PE extraction by the use of chemically tethered
thylakoids or cyanobacteria in the presence of mediators. Although
these studies improved PE harvesting by electrochemically shorten-
ing the connection between the photosynthetic complexes and the
electrodes, the mechanisms related to PE transportation between
electron carriers were not discussed in detail in any previous words.

Our present study began with the hypothesis that the modifi-
cation of electrodes based on the fundamental mechanisms of elec-
tron transfer between electron carriers and an electrode can facilitate
PE extraction from thylakoids. Electron carriers in thylakoids have
a hydrophilic or hydrophobic surface with a positive or negative
charge, and these surface characteristics induce ensemble docking
to transport PEs between themselves (36). More specifically, elec-
tron carriers are aligned and adhere to their specific redox sites via
electrostatic attractions induced by their surface charges. Subse-
quently, PEs can be transferred from the electron carriers with
higher redox potentials to those with lower redox potentials upon
physical contact. In the microscopic view of electron transfer, a dis-
tance shorter than 1.7 nm allows electron transfer by the tunneling
effect (54). When the sizes of electron carriers are considered, all
electron transfers between electron carriers are regarded as a result
of the tunneling effect. When the PEs are extracted through elec-
trodes, if the distance between the electrodes and the redox sites of
the electron carriers is longer than 1.7 nm, then electrons must be
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transferred through hopping (40). Therefore, when chemical teth-
ering is attempted to immobilize photosynthetic complexes on the
electrodes, the tethering molecules should be carefully selected.

In addition, the binding between photosynthetic complexes and
electrodes is mainly through amide bonds, which can lead to two
specific issues. First, when the tethering molecules bind to proteins
other than the endogenous electron carriers, PEs must overcome
the electrical barrier formed by the tethering molecules (which usually
form a self-assembled monolayer on the electrode) to be transferred
from the electron carriers to the electrodes. Thus, the tethering mol-
ecules hinder the transport of PEs. Second, if the electron carriers
bind with the tethering molecules, the redox-active sites on the elec-
trode surface are inactivated because of binding, resulting in a reduction
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of the electrochemically activated area (55). For continuous elec-
tron transfer, PE donors migrate to the electrode surface and need
to diffuse out after electron transfer, such that another new set of PE
donors can access the electrode surface. However, if oxidized mole-
cules are bound on the electrode surface after PE transfer, then elec-
tron transfer cannot be cycled continuously at the same redox
reaction rate.

Various materials such as bioelectrodes have also been studied
to efficiently extract PEs. In the case of metals, which are widely
studied as electrode materials, physical contact between the thyla-
koids and the electrodes is weak and unstable because the electron
pool on a metal surface induces electrostatic repulsion with the neg-
atively charged TMs. For carbon electrodes, electron transportation
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is hindered by hydrophobic carbon surfaces owing to poor adhe-
sion to hydrophilic TMs. Although some transparent metal oxides
have been examined, most metal oxides have not been considered
for application as bioanodes owing to their low conductivities. In
our experiments, the photosynthetic currents from the RuO; bio-
anode were found to be twice as large as those from the bioanode
modified with other metal oxide NSs, such as MoS,, CoO,, and
MnO; (fig. S13). In this work, PE extraction was investigated using
a RuO, electrode because it is known to be the most conductive
metal oxide. 2D RuO, NSs can be easily deposited as a thin uniform
film on any electrode through electrophoresis. Because of the fact
that the multiple-stacked layers of NSs can reduce electron conduc-
tivity across the layers, the controlled formation of uniform and
thin layers of RuO; NSs on an electrode by electrophoresis is
beneficial.

As described above, the magnitude of the PE currents from the
electrode deposited with a small amount of RuO, NSs was more
than five times higher than the PE currents from the Au bioanode.
This supports the hypothesis that both proton adsorption and the
surface polarity of the RuO, NSs can improve PE extraction via a
positive electrode potential, thylakoid attachment, and ensemble
docking inducement. In terms of proton adsorption, although the
electrode potential was maintained at 400 mV by a potentiostat
during the experiments, the actual surface potential of the RuO,
electrode could become more positive owing to the proton adsorp-
tion inside the RuO, NS lattice (Fig. 1B) (41, 42). The surface polarity
of the RuO, NSs can attract the electron donor sites of photosys-
tems or endogenous electron carriers through electrostatic attrac-
tions. In the case of PSII, electron donor sites with a positive charge
are located facing the stroma. For this reason, PSII can be attached
to the negatively charged sites (i.e., the oxygen region) of the RuO,
NSs through electrostatic attractions, and electrons can be extracted
from PSII through the movement of Q4 and Qg over a distance
of ~1 nm (48, 49, 56, 57). In particular, regarding the DCMU results
presented in Fig. 3 (E and F), it is likely that RuO, bioanodes directly
accept electrons from Qa without the influence of DCMU applica-
tion. Considering the same phenomenon observed in another metal
oxide (i.e., indium tin oxide), it can be assumed that Q4 can transfer
electrons to the electrode on the basis of the strong polarity of the
metal oxide, which is positively charged. Similar to the case of PSII,
PSI also has positively charged electron donor sites, and it is well
known that electrons can be transferred from an electron donor site
to an electrode (13, 14, 17, 54, 58-61). PC and FD, which are the
endogenous electron carriers of the thylakoid with negatively charged
redox sites, are preferably attracted to the positive regions of the
NSs (i.e., the Ru site) (62-68). The sizes of the redox sites of these
metalloproteins are ~3 nm, which is similar to or slightly smaller
than the moving distance of oxygen atoms on the RuO, NS surface.
During electrostatic attraction between the electrode and the elec-
tron carriers, the negatively charged redox site is aligned to the Ru
atom located relatively inside the NS, avoiding the protruding oxy-
gen atoms (i.e., ensemble docking). When the species become suffi-
ciently close, the PEs are transferred through tunneling.

Despite a short operating time of several tens of seconds, this
study shows the potential of photosynthetic energy harvesting through
the operation of a low-powered calculator. Moreover, if a 3D elec-
trode is used instead of the 2D planar electrode used in this study, it
will be possible to obtain a higher current density because more PEs
can be obtained from many thylakoids. The improved energy density
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is thought to be able to drive small devices, and it is expected to
increase the range of applications when photosynthetic energy is
used in combination with capacitors or batteries.

In this study, we developed RuO, electrodes for the direct ex-
traction of PEs from thylakoids. It was found that the electrophoretic
deposition of RuO, formed thinner and more stable films on the
electrodes than when the drop-cast method was used. The resulting
RuO; film enabled the electrode to exhibit a more positive potential
and a higher surface polarity, which resulted in a larger amount of
PEs being extracted from thylakoids compared to that in the case of
the unmodified electrode. Last, a fuel cell was fabricated for photo-
synthetic energy harvesting, and it was demonstrated that multiple
cells are able to operate a small calculator.

MATERIALS AND METHODS

Materials

All chemicals used in this work were purchased from Sigma-Aldrich
Korea. To be specific, PBS (product no. P4417) was dissolved in
distilled water (1 tablet per 200 ml, containing 10 mM phosphate
buffer, 2.7 mM KCI, and 137 mM NaCl with pH 7.4), and this was
used for the main solution of thylakoid purification and electro-
chemical measurements. PBS solution with sucrose (product no.
$9378) was used for spinach blending and centrifugation. Magnesium
chloride (MgCly; product no. M8266) was added in PBS solution to
puncture chloroplast membrane by osmotic shocking. Sonicator
(product no. Q125, tip product no. 4422, Qsonica, USA), ten broeck
tissue grinder (product no. T24-132-575, Chemglass, USA), and
centrifuge (Allegra X-15R and Optima XPN-100, Beckman Coulter,
USA) were used for thylakoid purification. Potassium ferricyanide
[K5Fe(CN)g; product no. 702587] and potassium nitrate (KNOs;
product no. P8394) were used to perform the cyclic voltammetry
and fuel cell experiments. One-millimeter thickness of Boro-33
glass wafer as substrates of electrode was purchased from TPS
(Republic of Korea). Silver paste (Elcoat, product no. P-100) was
purchased for wiring between the electrodes and electric wire.
Air-breathing cathode (product code SLGDE, FuelCellsEtc, USA)
consisted of platinum (0.5 mg cm™2) on Vulcan (60% on carbon)
cloth with Nafion coating for ORR. The solar-powered calculator
(Iaan Science, product no. POOOOUHF) and the 15-W light-emitting
diode bulb (ANP Electronics Co. Ltd., product no. GB130) were
used to confirm the operating calculator.

RuO, NS fabrication

Exfoliated RuO, NSs were prepared as described in a previous study
(46). The layered a-NaRuO, as pristine material was synthesized by
a conventional solid-state reaction at 900°C for 12 hours. Then, stir-
ring with 1 M Na,S,0s solution for 3 days led not only to elimina-
tion of interlayer Na jons but also to partial oxidation of Ru jons.
Successive 3 days of reaction with 1 M HCI solution caused the
interlayer distance of layered RuO, structure to increase slightly by
replacing the interlayer Na ions with larger hydronium (H;0™)
ions. Last, the colloidal suspension of successfully exfoliated RuO,
NSs was obtained by reacting with a bulk tetrabutylammonium hy-
droxide solution for 10 days via an acid-base reaction.

Thylakoid purification
Thylakoids were purified from spinach by following the process.
Fresh spinach was purchased from a local market. Only spinach
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leaves were cut and selected from spinach, and then, leaves were
washed by distilled water. Leaves (200 g) were blended in 200 ml of
PBS solution with 300 mM sucrose, and the blended solution was
filtered through a 20-um nylon mesh. After first centrifugation
(3850 rpm, 20 min), chloroplast pellet was restored by discarding
supernatant and then adding 5 mM MgCl, contained in PBS solu-
tion for the sonication. During the sonication, chloroplast mem-
branes were punctured, and thylakoids were extracted from the
chloroplasts. Two centrifugations (3800 rpm, 20 min and 20,000 rpm,
20 min) were done for dilution of MgCl, in a solution. Aggregated
thylakoid pellet was homogenized by glass tissue grinders in a PBS
solution with 1.8 M sucrose. For density gradient centrifugation,
1.3 M sucrose contained in PBS solution was carefully stacked on
the homogenized thylakoid solution and this layered solution was
centrifuged at 38,000 rpm for 1 hour. Because of the density differ-
ences between thylakoids and solutions, pure thylakoid layer was
formed between two solutions.

Thylakoid deposition on the electrodes

To deposit a uniform amount of thylakoids on the electrodes, chloro-
phyll concentration in thylakoid solution was calibrated by measur-
ing the light absorbance with an ultraviolet-visible spectrometer
(product no. V-650, JASCO Corporation, USA) (69). Here, 30 ul of
thylakoid droplets with chlorophyll concentration of 2 mg ml™
were dropped on the 1-cm? electrodes and dried at room tempera-
ture for more than 3 hours.

Electrochemical measurements

In this work, a three-electrode system was used for the electrochem-
ical measurements. Pt mesh and Ag/AgCl (saturated KCl) were used
as counter and reference electrode, respectively. To reduce optical
and electrical noises during experiments, electrodes were located
in a custom-built metallic dark box, which was used as a Faraday
cage. All the electrochemical experiments were performed using a
potentiostat (CompactStat, Ivium Technologies, The Netherlands)
that was controlled by IviumSoft program. For photocurrent genera-
tion, light was illuminated by a 100-W halogen lamp (LG-PS2, Olympus,
Japan), and its intensity was measured by an optical power meter
(product no. 8230E-82311B, ADC Corp., Japan). To measure the
potential of electrodes, with PBS solution containing 300 mM po-
tassium nitrate and 30 min of waiting for the saturation, electrode
potentials versus Ag/AgCl reference electrode were measured. All
the photocurrent measurements except for those mentioned other-
wise were carried out with 400 mV versus Ag/AgCl of bias potential
and light intensity of 10 mW cm ™.

In situ x-ray absorption spectroscopy measurement

The changes in the local structures of the RuO,-thylakoid and bare
RuO; films under light illumination were investigated with EXAFS
analyses at Ru K-edge. The present x-ray absorption spectroscopy
(XAS) spectra were measured using the EXAFS facility equipped
with a beam line 10C at the Pohang Light Source (Pohang, Korea),
in which the voltage and current of a synchrotron electron beam
were 3.0 GeV and 350 mA, respectively. The same electrochemical
condition as mentioned above was carried out simultaneously with
the XAS measurement and detected with a fluorescence detector. In
the EXAFS fitting analysis, the CNs were fixed to the values on the
basis of the crystallographic information of a-NaRuO, structure,
which gave the reasonable values of amplitude reduction factor
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(So%). In the course of EXAFS fitting analysis, all the parameters of
R, Debye-Waller factors (02), and energy shift (AE) were set as variables.

Photosynthetic fuel cell

Fuel cell was fabricated by 3 of acrylic compartments based on pre-
vious study (70). 1.5 ml of PBS solution with 300 mM of KNO; was
used for minimizing ionic resistance and all experiments were per-
formed in a sealed faraday cage that is filled with oxygen.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/20/eabf2543/DC1
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