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A new type of biohybrid photo-electrochemical cell was
fabricated by the layer-by-layer assembly of photosystem II
and reduced graphene oxide. We demonstrate the
photocurrent of the direct electron transfer is enhanced about
two fold and with improved stability. The assembly strategy
without any cross-linker or additional electron mediators
permits the cell fabrication and operation much simpler as
compared to previous approaches. This work may open new
routes for the construction of solar energy conversion systems
based on photoactive proteins and graphene materials.

Along with a demand for clean and renewable energy resources,
the construction of highly-efficient and stable solar-energy
conversion systems has become an important topic in current
research.'™ Using artificial semiconductors as light absorbers has
been the most popular approach.*® Also, solar-to-fuel devices based
on native photosystems promise great potential due to their low cost,
environmental friendliness and high quantum yield.”"’

Photosystem II (PSII), found in thylakoid membranes of higher
plants, algae and cyanobacteria, is the only protein known that can
catalyze the light-driven water oxidation reaction.''"* Upon light
absorption, it converts solar energy into chemical energy in concert
with PSI, cytochrome bgf, ATP synthase and other pigment-protein
complexes. This concerted action provides the key challenge in
mimicking the biological system. The oxidized primary electron
donor, P680°, reaches a reduction potential at about 1.25 V vs
normal hydrogen electrode (NHE), which is high enough to oxidize
water in a pH neutral aqueous solution. The maximum
thermodynamic efficiency of this light energy to electrochemical
potential conversion is about 70% for the optimum absorption
wavelength.” These remarkable photocatalytic properties make it a
promising building block in optoelectronic devices. Recently,
extensive research efforts were directed towards the immobilization
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of PSII onto electrodes and the construction of photo-
bioelectrochemical cells.!"!'*!> Different strategies and various
materials have been used for engineering of these devices. For
instance, PSII with a His-tag modified CP43 subunit was linked to a
Ni-NTA-functionalized gold electrode.'® By increasing the surface
roughness of the electrode, the amount of immobilized PSII was
increased and so the photocurrent was enhanced. Kato et al. reported
a covalent way to tether PSII to the phosphonate modified electrode
surface and further to improve direct electron transfer (DET) and
stability of the proteins.'” Unfortunately, many vital challenges
remain since the quantum efficiency of isolated PSII cannot yet
match the performance of in vivo PSIL. Furthermore, present
methods of PSII modification and immobilization require many
steps. The introduction of additional high cost or hazardous electron
mediators,"™" such as ruthenium complexes and methylene blue,
makes the design and operation of the electrochemical cells more
complicated.

Graphene-based materials are of great interest due to their
extraordinary properties, such as large specific surface area, high
electrical conductivity and excellent electrochemical stability.?>*
The solution processing compatibility of reduced graphene oxide
(rGO) makes the material more attractive for large area applications
although lattice defects degrade its electrical properties. Among the
enormous efforts devoted to the construction of graphene-based
optoelectronic devices, rGO was mostly used as a 2D sheet to anchor
semiconductor materials.”>?® However, how graphene interacts with
photoactive proteins and its potential in photo-bioelectrochemical
cells has been rarely explored.

Herein, we construct a biohybrid photoanode with enhanced
photocatalysis by integrating PSII enriched membranes with
modified rGO via a very convenient and controllable layer-by-layer
(LbL) assembly technique driven by electrostatic interaction (Figure
la). The photocurrent generation diagram of the hybrid films above
could be represented in Figure 1b. Upon light excitation, P680 is
oxidized to produce a charge separation, which gives P680* (-0.58 V
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Figure 1. (a) Schematic representation of an ITO electrode functionalized with LbL co-assembly of negatively-charged PSII and
positively-charged PEI-rGO multilayered films as a photoanode. (b) Schematic illustration for the relevant energy diagram.

vs NHE) and P680" (1.25 V vs NHE). P680" is reduced by
extracting electrons from water (0.92 V vs NHE) in the electrolyte
solution, generating a photocurrent and molecular oxygen.
Meanwhile, the electrons from P680* are transferred to
plastoquinones Q4 (-0.08 V vs NHE) and Qg (-0.03 V vs NHE) via
pheophytin.”?” The rGO sheets (~0 V vs NHE)® in the composite
films can capture electrons from both Q4 and Qg and readily transfer
them to the indium tin oxide (ITO) substrates (0 V vs NHE).
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Figure 2. AFM images of (a) GO and (b) PEI-rGO on silicon
wafers. Insets show the corresponding photographs of the GO
and rGO aqueous dispersions. (c) UV-vis spectra of PEI-
rGO/PSII multilayered films with varying numbers of LbL
depositions on ITO substrate. Inset shows absorbance difference
at 680 and 720 nm of PEI-rGO/PSII films on ITO substrate. (d)
SEM image of (PEI-rGO/PSII), films on ITO substrate. The
inset is an AFM image of the (PEI-rGO/PSII), films on ITO
substrate. PSII enriched membranes are circled by green dashed
lines. Z-scale bar is 30 nm for (a) and (b), 40 nm for inset of (d).

In a typical experiment, GO was synthesized from natural graphite

using a modified Hummers method.”” When GO was reduced by bi

2

hydrazine, it was stabilized with polyethyleneimine (PEI) to form
positively-charged PEI-rGO.* As shown in atomic force microscopy
(AFM) image (Figure 2a), the average thickness of GO sheets is
about 1.1 nm, which is in good agreement with previous reports.>>?
After reduction and modification, densely packed PEI is clearly
observed across the surface of the sheets with a thickness of 3.1 nm
(Figure 2b), compared to the smooth and flat surface of GO sheets.
The color of GO and PEI-rGO aqueous dispersions changed from
light brown to dark grey, which indicates the reduction of GO (see
Insets of Figure 2a and 2b). More details and relevant
characterization are shown in the Supporting Information (Section I,
Figure S1-S3). PSII enriched membranes were isolated and purified
from spinach chloroplasts according to the methods introduced by
Hankamer and Carpentier’’** (see Section II in Supporting
Information). The results of sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE), the UV-vis spectrum, and the
AFM image show good agreement with those reported
previously*>** (see Figure S4, S5 and S6, respectively). PEI-rGO
nanosheets are positively charged (+29.2 mV) and PSII enriched
membranes are negatively charged (-14.8 mV), implying that they
can be co-assembled by electrostatic interaction. As expected, it can
be seen from Figure 2c¢ that with each deposition cycle of the PEI-
rGO/PSII bilayer the light absorbance increased gradually. The same
behavior can be found in the case of PEI/PSII multilayer films
(Figure S7a). In particular, for PEI/PSII and PEI-rGO/PSII
multilayered films, the relative amount of PSII absorbed was
quantified by calculating the absorbance difference (AAggg.720) at 680
and 720 nm considering the absorption background. In detail, the
inset of Figure 2c shows that the amount of PSII absorbed increased
linearly as a function of assembly cycle. This strongly signifies
uniform and cumulative assembly of PSII in PEI-rGO/PSII films
driven by electrostatic interaction. Also, the similar results can be
found in PEI/PSII films (Figure S7b). Moreover, one can see that the
surface coverage of PEI-rGO/PSII multilayered films increases when
the number of bilayers increases (Figure S8, S9 and S10). In
addition, it takes about 3 bilayers to cover the entire surface of the
electrode substrate. For (PEI-rGO/PSII),, the scanning electron
microscopy (SEM) and AFM images (Figure 2d and the inset) show
that PEI-rGO sheets cover the electrode with PSII enriched
membranes stacking on the surface.

In order to evaluate the photocurrent production of these
ohybrid electrodes, photochronoamperometic measurements were
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Figure 3. (a) Photocurrent response upon cyclically switched
illumination of PEI-rGO/PSII multilayered films supported by
ITO substrate. (b) Comparison of photocurrent response of (i)
pure ITO, (ii) ITO-rGO, (iii) ITO-PSII, (iv) ITO-PEI/PSII (v)
ITO-PEI-rGO/PSII and (vi) ITO-PEI-rGO/PSII with additional
30 uM 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) as the
inhibitor of PSII in electrolyte buffer solution. The later four
films possesses the identical amount of PSII. (¢) Dependence of
the photocurrent on the external potential applied on ITO-PSII,
ITO-PEI/PSII and ITO-PEI-rGO/PSII, respectively. d)
Photocurrent stability of different electrodes under continuous
light irradiation. The above photocurrents were measured with a
bias potential of 0.25 V vs saturated calomel electrode (SCE) in
an aqueous electrolyte buffer solution (pH 6.5, 20 mM 4-
morpholinoethanesulfonic acid (MES), 50 mM KCl, 5 mM
MgCl, and 3 mM CaCl,) under light illumination (800 nm > A >
550 nm, Pggonm=10 mW cm™) at 25 °C.

carried out. Figure S11 reveals that photocurrent action spectrum
exhibits a peak at 680 nm. As shown in Figure 3a and Figure S12,
the photocurrents of the ITO-(PEI-rGO/PSII)n increased gradually
with the number of bilayers. Notably, increasing the amount of PSII
could not lead to enhancement of photocurrent for the ITO-PSII
films (data not shown). It means that the LbL assembly technique
driven by electrostatic interaction has an advantage over pure
physical deposition. In order to investigate the effect of rGO
introduction on the photoelectrochemical performance of electrodes,
we compared the photocurrents of different kinds of anodes
possessing the similar amount of PSII. As Figure 3b shows,
compared to ITO-PSII and ITO-PEI/PSII films, ITO-PEI-rGO/PSII
exhibits much higher photocurrents. In detail, at a constant anode
potential of 0.25 V, the DET photocurrent of ITO-PEI-rGO/PSII is
37.2nA cm, while it is only 9.2 and 19.9 nA ¢cm™ for ITO-PSII and
ITO-PEI/PSII, respectively. That is, after statistical analysis (see
Figure S13), in three anodes, the generated photocurrents per pg
chlorophyll @ are about 161.2, 39.1 and 81.7 nA, respectively. This
could be attributed to the intimate contact between PSII and
electrodes and the high electron transportation efficiency of
graphene.® The influence of applied bias potential on the resulting
photocurrent is displayed in Figure 3c. The photocurrent of ITO-
PEI-rGO/PSII is always higher than those of other two anodes upon
the same bias potentials. Additionally, it should be mentioned that
the photocurrent of both multilayered films reaches a maximum at
three bilayers (Figure S14). With the increase of deposition cycle, no
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further enhancement of the photocurrent was observed, which
probably is due to an increasing resistance between the PSII and the
electrode®® and/or long electron transfer distances. The quantum
efficiency of ITO-PEI-rGO/PSII is determined to be ~0.0026% and
the value for ITO-PEI/PSII is about 0.0017%. It shows that the
introduction of modified rGO indeed increases the quantum
efficiency.

Light-induced decrease of photosynthetic activity, generally
known as photoinhibition, is a general phenomenon in all
photosynthetic organisms, especially in PSIL*” In view of this point,
the photocurrent stability of different films under continuous light
irradiation was also investigated. As shown in Figure 3d, it can be
seen that the stability of the films decreased as PEI-
rGO/PSII>PEI/PSII>PSII. In detail, the PEI-rGO/PSII films remains
about 65% of the initial photocurrent after illumination for 20 min,
while ~40% and ~35% remains in PEI/PSII and PSII films. This can
be attributed to a fast electron transfer process between PSII and
PEI-rGO which reduces the photoinhibition of PSII caused by the
formation of reactive oxygen species or damage of the manganese
clusters."® Taken together, rGO sheets serve as an excellent electron
acceptor and mediator in the hybrid films. Thus, photogenerated
electrons from PSII can be transferred to the rGO sheets quickly
through the delocalized m electrons, leading to enhanced
photocurrent and reduced photo damage of PSII. Furthermore,
comparing to other similar systems, this system has a comparatively
low energy efficiency, but with a higher stability (shown in Table
S1).

Conclusions

In summary, we have demonstrated a facile LbL assembly
approach for the construction of ITO-PEI-rGO/PSII as
photoelectrochemical cells. The obvious electrostatic interaction
between the positively charged PEI-rGO and negatively charged
PSII facilitates the electron transfer. PEI-rGO sheets act as both
electron acceptor and mediator that electrically wire the
photosystems with the electrodes. The co-assembled photoanode
with improved stability and about two-fold enhancement of DET
photocurrent confirms that rGO is a promising candidate for the
integration with photoactive proteins. Higher photocurrent could be
achieved by means of appropriate functionalization of graphene and
optimized assembly process. This work thus provides a new strategy
for the development of solar energy conversion systems based on
photoactive proteins and graphene materials.
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