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In natural photosynthesis, solar energy is converted to chemical energy through
a cascaded, photoinduced charge transfer chain that consists of primary and secondary
acceptor quinones (i.e., QA and QB). This leads to an exceptionally high near-unity
quantum yield. Inspired by the unique multistep architecture of charge transfer in
nature, we have synthesized a catecholamine-functionalized, reduced graphene oxide
(RGO) ﬁlm as a redox mediator that can mimic quinone acceptors in photosystem II.
We used polynorepinephrine (PNE) as a redox-shuttling chemical. We also used it to
coat graphene oxide (GO) and to reduce GO to RGO. The quinone ligands in PNE,
which are characterized by a charge transfer involving two electrons and two protons,
acted as electron acceptors that facilitated charge transfer in photocatalytic water
oxidation. Furthermore, PNE-coated RGO ﬁlm promoted fast charge separation in
[Ru(bpy)3]2+ and increased the activity of cobalt phosphate on photocatalytic water
oxidation more than two-fold. The results suggest that our bio-inspired strategy for the
construction of a forward charge transfer pathway can provide more opportunities to
realize eﬃcient artiﬁcial photosynthesis.

Introduction
Sunlight provides us with an innite resource of clean and sustainable energy that
may ultimately substitute for fossil fuels. Inspired by solar energy-harvesting
mechanisms in green plants, many researchers have attempted to devise articial photosynthetic systems, for which it is critical to construct eﬀective photoinduced energy transfer pathways with minimal charge recombination.1–3 One
promising approach to mitigating the problem is to establish a multistep charge
transfer chain through the use of redox mediators to modulate the kinetics of
oxidation and reduction reactions.4–6 In natural photosynthesis, the charge
transport chain consisting of primary and secondary acceptor quinones (i.e., QA
and QB) in photosystem II enables a fast charge separation in chlorophyll
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molecules (200 ps) via pheophytin. In addition, through their coupling with two
electrons and two protons, the quinones’ reduced forms (i.e., QAH2 and QBH2)
increase the lifetime of the charge separation, resulting in an unparalleled nearunity quantum yield.7,8 The multistep charge transfer mechanism of quinones in
nature inspired researchers to construct eﬃcient solar energy-harvesting architectures that contain quinone-based redox shuttles to prevent back electron
transfer.9–11
Here we report the synthesis of a catecholamine-functionalized, reduced graphene oxide (RGO) lm as a redox mediator that can mimic the quinone acceptors
in photosystem II. As a small catecholamine molecule that mimics mussel
adhesive proteins containing 3,4-dihydroxy-L-phenylalanine (DOPA), norepinephrine (NE) can self-polymerize into polynorepinephrine (PNE) in an alkaline
solution, which simultaneously functions as a versatile agent for the coating of
any materials (e.g., carbon-based materials, semiconductors, noble metals,
oxides, and synthetic polymers).12,13 PNE has also been utilized as a reducing
agent for the synthesis of RGO and noble metals.14,15 Under reductive conditions,
catecholic moieties in NE (or PNE) oxidize rapidly into the quinone forms by
releasing two electrons and two protons, providing the electrons for the graphene
oxide (GO) or metal ions.16–19 In particular, the redox property of residual quinone
ligands in PNE does not change aer the oxidative polymerization.13,20–22 We
hypothesized that PNE, which is characterized by a charge transfer involving two
electrons and two protons, may act as an electron mediator that facilitates charge
transfer in photocatalytic water oxidation, as depicted in Fig. 1. Furthermore, the
PNE coating on RGO is expected to boost the forward electron transfer while
increasing the electro-active quinone moieties.

Experimental
Materials
0
DL-Norepinephrine hydrochloride, tris(2,2 -bipyridyl)dichlororuthenium(II) hexa2+
hydrate [Ru(bpy)3 ], cobalt chloride, and sodium persulfate were purchased from

Sigma-Aldrich (St. Louis, USA). A concentrated GO solution was purchased from

Schematic illustration of transfer of the electrons, which are generated by water
oxidation, to the PNE/RGO via a [Ru(bpy)3]2+ photosensitizer in the presence of a sacriﬁcial
electron acceptor, Na2S2O8. PNE/RGO was introduced as a redox mediator to facilitate
the transport of a photo-excited electron from [Ru(bpy)3]2+, resulting in the boosted
oxidation of water to oxygen.
Fig. 1
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Graphene Supermarket. All chemical reagents were used without further
purication.
Synthesis of PNE/RGO lm
In order to synthesize the PNE-functionalized, reduced GO lm (i.e., PNE/RGO
lm), we rst made GO lm using the vacuum ltration method. Aer the sonication of the GO solution (1 mg mL1) for 30 min, the solution was vacuumltered on an anodic aluminum oxide (AAO) lm. This was followed by
washing with deionized water several times and drying the GO lm in a vacuum
oven, making it possible to peel the lm from the membrane. Aerwards, the
synthesized GO lm was immersed in 30 mL of Tris buﬀer (10 mM, pH 8.5) that
contained a norepinephrine precursor (2 mg mL1). This was then shaken in an
incubator for 4 h to synthesize the PNE/RGO lm. To fabricate a PNE/RGO electrode, the lm was cut into a 1  1 cm2 piece that was connected to copper wire
using silver paste. The lm was then covered with insulating epoxy resin and
dried at ambient conditions overnight.
Photocatalytic water oxidation test
To perform photocatalytic water oxidation under visible light irradiation, the
reaction mixture was prepared by adding 0.25 mM [Ru(bpy)3]2+, 0.01 mM Co2+,
and 5 mM Na2S2O8 with RGO, PNE, or PNE/RGO in a potassium phosphate buﬀer
(10 mM, pH 8). Visible light (l > 420 nm) was irradiated through a 450 W Xe light
source with a 420 nm cut-oﬀ lter. The oxygen concentration was monitored by
a trace oxygen transmitter (S3500, Alpha Omega Instruments Corp., USA). To
calculate the amount of quinone moieties in PNE/RGO and PNE, elemental
analysis (FLASH 2000 series, Thermo Scientic, USA) was used under the
assumption that the concentration of semiquinone groups in PNE and PNE/RGO
is the same as that of nitrogen, considering the chemical structure of PNE (see
Fig. 3). Note that the area of the RGO lm reduced by hydrazine was the same as
that of the PNE/RGO lm (1  1 cm2).
Electrochemical analysis of PNE/RGO and PNE
A three-electrode system was used to perform cyclic voltammetric and linear
sweep voltammetric measurements. A working electrode {e.g., PNE/RGO lm, or
PNE on indium tin oxide (ITO)}, a Pt wire counter electrode, and an Ag/AgCl
reference electrode were connected to a potentiostat/galvanostat (WonATech,
WMPG1000, Korea).
Characterization of the PNE/RGO lm
The morphology of the PNE/RGO lm was investigated through an S-4800 eld
emission scanning electron microscope (Hitachi Co., Japan). Raman spectra were
collected using a LabRAM HR (Horiba-Jobin-Yiyon, Co., France) in the range of
100–3500 cm1 with a resolution of 5 cm1. The emission decay of [Ru(bpy)3]2+
was measured using a time-resolved uorescence spectrometer (Edinburgh
Instruments Lt., FL920, UK). The excitation wavelength was 375 nm and the
concentration of [Ru(bpy)3]2+ was 0.05 mM. The surface compositions of the PNE/
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RGO and GO lms were analyzed using X-ray photoelectron spectroscopy {(XPS),
Thermo VG Scientic, Sigma Probe, UK}.

Results and discussion
We synthesized PNE-coated RGO (denoted as PNE/RGO) lms through a simple,
pH-triggered, oxidative polymerization of NE monomers in the presence of GO
nanosheets (Fig. 2A and 3). A GO lm, which was made by vacuum ltration, was
immersed in a pH 8.5 Tris buﬀer (10 mM) that contained NE (2 mg mL1) for the
coating of GO with PNE and the simultaneous reduction of GO. The synthesized
PNE/RGO lm was exible and robust with a thickness of approximately 500 mm
(Fig. 2B and C). To conrm the reduction of GO by PNE, we analyzed the chemical
composition change of the GO aer the surface treatment using XPS (Fig. 4A and
B). Aer the surface treatment of GO with PNE, the peak intensity associated with
the oxygenated species (e.g., C–O at 286.44 eV for GO and 286.21 eV for PNE/RGO)
was signicantly reduced and the peak related to C]C/C–C became dominant
(284.39 eV for GO and 283.89 eV for PNE/RGO). In addition, the atomic ratio of C/
O increased from 1.51 to 2.83 (Fig. 5), which indicates the removal of oxygencontaining groups from the GO surface by PNE, which functioned as a reducing
agent. Furthermore, Raman spectroscopic analysis revealed that the ID/IG ratio
increased from 0.95 to 1.09 aer the PNE coating (Fig. 6), indicating a small
structural change in the GO as a result of the direct coupling of the GO reduction

Fig. 2 (A) Procedure for synthesizing PNE/RGO ﬁlm. After the sonication of the GO
solution (1 mg mL1) for 30 min, the solution was vacuum-ﬁltered on an AAO ﬁlm. This was
followed by washing and drying the GO ﬁlm in a vacuum oven, making it possible to peel
the ﬁlm from the membrane. Afterwards, the synthesized GO ﬁlm was immersed in a Tris
buﬀer (10 mM, pH 8.5) that contained a norepinephrine precursor (2 mg mL1). It was then
shaken in an incubator for 4 h to synthesize the PNE/RGO ﬁlm. (B) A digital image and (C)
SEM images of the ﬂexible PNE/RGO ﬁlm.
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Fig. 3 Suggested mechanism of the pH-triggered oxidative polymerization of norepinephrine to PNE, according to the literature.15 Under reductive conditions, catecholic
moieties in NE oxidize rapidly to the quinone forms by releasing two electrons and two
protons, providing the electrons to the GO, which will be reduced to RGO.

and NE polymerization. On the other hand, aer the modication with PNE,
a new peak corresponding to C–N (285.14 eV) in PNE/RGO was detected
(Fig. 4B). In particular, the two peaks observed from N 1s signal of PNE/RGO
indicates that secondary amines (–N–H– or indole groups, 399.2 eV) are newly
formed (Fig. 4C), suggesting that NE had changed to indolic units as a result of
the polymerization on GO (Fig. 3). Note that a minor portion of the primary
amine-related peak (–NH2, 401.4 eV) implies the existence of NE molecules that
did not participate in the polymerization process. Our cyclic voltammetric analysis of the PNE/RGO lm electrode showed that the surface modication of the
GO with PNE was implemented without disrupting the PNE’s inherent redox
properties. With the PNE coating on the GO, an oxidation potential at 0.43 V (vs.
Ag/AgCl) and a reduction potential at 0.02 V (vs. Ag/AgCl) were observed in
a phosphate buﬀer (pH 8.0, 10 mM), which indicates redox potentials of quinone
moieties on carbon-based electrodes, which involve two electrons and two
protons (Fig. 7B).23–26 According to the plot of reduction potential (Epc) as a function of the solution’s pH (Fig. 4D), Epc decreased as pH values increased with
a slope of approximately 60 mV per pH unit, which is comparable to that of
quinone (59 mV per pH) in a buﬀered solution.28 The results indicate that the
quinone moieties that act as a redox shuttle were successfully incorporated into
the RGO scaﬀold.
The unique redox property of PNE immobilized on the RGO scaﬀold led us to
apply the self-standing PNE/RGO lm to photocatalytic water oxidation using
cobalt phosphate (Co-Pi), and tris(bipyridine)ruthenium(II) ions {[Ru(bpy)3]2+} as
This journal is © The Royal Society of Chemistry 2017 Faraday Discuss., 2017, 198, 135–145 | 139
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Fig. 4 Characterization of PNE/RGO ﬁlm. (A) C 1s XPS spectra of GO. Deconvolution of

the C 1s signal of the GO ﬁlm reveals the presence of C]C/C–C (284.39 eV) and C–O
(286.44 eV) on its surface. (B) C 1s XPS spectra of the PNE/RGO ﬁlm. A new C–N peak
(285.14 eV) is detected. (C) N 1s XPS spectra of the PNE/RGO ﬁlm. The spectra indicate
the presence of –N–H– or indole groups (399.2 eV) and –NH2 (401.4 eV). (D) Plot of
cathodic potential (Epc) of the PNE/RGO ﬁlm as a function of pH values. Epc decreases as
the pH values increases with the slope of 60 mV per pH unit.

Fig. 5 Full range survey XPS scans of the GO and PNE/RGO ﬁlms. Compared with the GO
ﬁlm, the atomic ratio of C/O in the PNE/RGO ﬁlm increased from 1.51 to 2.83, which
indicates the removal of oxygen-containing groups at the GO surface due to the introduction of PNE as a reducing agent.
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Fig. 6 Raman spectra of the GO and PNE/RGO ﬁlms. The spectra reveal that the ID/IG ratio
increased from 0.95 to 1.09 after the PNE coating, indicating a small structural change in
the GO as a result of the direct coupling of GO reduction and NE polymerization.

a water oxidation catalyst and a photosensitizer, respectively. We utilized sodium
persulfate (Na2S2O8) as a sacricial electron acceptor to drive the reaction. The
presence of PNE/RGO enhanced the eﬃciency of oxygen evolution over two-fold
more than in the case without the PNE/RGO (i.e., in the presence of
[Ru(bpy)3]2+ and Na2S2O8) (Fig. 7A). With the PNE/RGO as an electron mediator,
the amount of evolved oxygen and the corresponding turnover number (TON)
were estimated to be 3.29 mmol and 131.6, respectively, while those of the case
without the PNE/RGO were 1.54 mmol and 61.6, respectively. The oxygen yield with
the hybrid PNE/RGO was higher than in the case when using PNE (2.23 mmol O2,
TON: 89.2) and RGO (1.80 mmol O2, TON: 72.0) as electron mediators in the same
experimental conditions. Note that the amount of PNE was the same as that used
in the PNE/RGO lm. We attribute the enhanced eﬃciency of the oxygen evolution to (1) the ability of quinone functional groups in the PNE/RGO to take
electrons from [Ru(bpy)3]2+, accelerating photo-induced electron transfer between
[Ru(bpy)3]2+ and Na2S2O8 and (2) the conductive RGO network that facilitates
electron transfer from [Ru(bpy)3]2+ to quinone groups in PNE.
We performed both electrochemical and photoluminescence (PL) analyses to
conrm the promoted photo-excited electron transfer from [Ru(bpy)3]2+ in the
presence of PNE/RGO. Fig. 1 illustrates a possible transfer pathway for electrons
to the PNE/RGO redox mediator via [Ru(bpy)3]2+, as generated by photocatalytic
water oxidation. With the use of Na2S2O8 as a sacricial electron acceptor, Co-Pi
catalyzes water oxidation and generates electrons that are supplied to [Ru(bpy)3]2+
upon light illumination. This is followed by the transfer of excited electrons to
PNE via the RGO scaﬀold. To verify transport of the electron from [Ru(bpy)3]2+ to
PNE/RGO, we analyzed the change in the cyclic voltammogram of the PNE/RGO
lm aer the addition of [Ru(bpy)3]2+ (Fig. 7B). According to our analysis, the
cathodic peak current density of PNE/RGO at 0.02 V (vs. Ag/AgCl) increased
signicantly in the presence of [Ru(bpy)3]2+ under visible light illumination,
indicating that the quinone functional groups in PNE/RGO gained photo-excited
electrons from [Ru(bpy)3]2+. In addition, a cathodic wave at 0.80 (vs. Ag/AgCl, pH
8) was observed due to the formation of quinone anion radical, which increased
This journal is © The Royal Society of Chemistry 2017 Faraday Discuss., 2017, 198, 135–145 | 141
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Fig. 7 (A) Comparison of the amount of evolved oxygen in the presence of diﬀerent

electron mediators (e.g., PNE/RGO, RGO reduced by hydrazine, PNE, and without any
mediator) with the use of a sacriﬁcial electron acceptor, Na2S2O8 (5 mM). Co-Pi (10 mM),
[Ru(bpy)3]2+ (0.25 mM), and Na2S2O8 (5 mM) were used as a water oxidation cocatalyst and
a photosensitizer, respectively. Note that the amount of PNE was the same as that used in
the PNE/RGO ﬁlm. (B) Cyclic voltammogram of PNE/RGO ﬁlm with and without
[Ru(bpy)3]2+ (0.25 mM). The scan rate was 20 mV s1. (C) Photoluminescence decay
proﬁles of [Ru(bpy)3]2+ with and without PNE/RGO ﬁlm. The excitation wavelength was
375 nm. All measurements from Fig. 7A–C were performed in a pH 8 phosphate buﬀer (10
mM). (D) Changes in the anodic and cathodic peak intensities in PNE/RGO and PNE with
successive scans. The scan rate was 50 mV s1. The ratio of electro-active quinone
moieties was calculated by dividing integrated charges from the reductive peak at 0.02 V
(vs. Ag/AgCl) by the total charges of quinone moieties on the electrode.

with the addition of [Ru(bpy)3]2+ to the electrolyte (Fig. 8A). Upon visible light
irradiation, an electron is excited to the lowest singlet excited state (1MLCT) of
[Ru(bpy)3]2+ at 1.63 V (vs. Ag/AgCl; see Fig. 8B), followed by its movement to the
lowest triplet state (3MLCT) at 1.22 V (vs. Ag/AgCl).10 Aerwards, the electron is
transferred to the quinone group at 0.80 V (vs. Ag/AgCl) to form a quinone anion
radical. Finally the anion radical is converted to catechol through the acceptance
of another electron and two protons at 0.02 V (vs. Ag/AgCl). In addition, the
accelerated decay of [Ru(bpy)3]2+ PL in the presence of PNE/RGO further revealed
the facilitated electron transfer from the photosensitizer to PNE/RGO (Fig. 7C).
According to the mono-exponential tting, the PL lifetimes of [Ru(bpy)3]2+
without and with PNE/RGO were 374 ns and 368 ns, respectively. Note that the PL
lifetime of the [Ru(bpy)3]2+-only case is in agreement with the literature value
measured in an aqueous solution at room temperature.27
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Fig. 8 (A) Linear sweep voltammograms of the PNE/RGO ﬁlm electrode with and without
[Ru(bpy)3]2+ (0.25 mM). The scan rate was 10 mV s1. (B) Linear sweep voltammograms of
glassy carbon electrode with 1 mM of [Ru(bpy)3]2+ and without [Ru(bpy)3]2+ in a phosphate
buﬀer (10 mM, pH 8).

The PNE immobilized on the RGO scaﬀold boosted the oxygen evolution rate
during the photocatalytic water oxidation, as described earlier (Fig. 7A). We
attribute the enhancement to the formation of a multistep proton-coupled electron transfer pathway made by conductive RGO, which increases forward charge
transfer while suppressing charge recombination. Furthermore, the fact that the
hybrid PNE/RGO has a much greater amount of redox-active quinone groups than
the free PNE is possibly another factor leading to the enhanced oxygen evolution.
For the study, we estimated the ratio of electro-active quinone species by dividing
the integrated charges from the reductive peak at 0.02 V (vs. Ag/AgCl) by total the
charges of quinone moieties on the electrode (Fig. 7D).28 According to our
calculation, the ratios (i.e., electro-active quinone species/total quinone moieties)
were 7.89  104 and 1.46  105 in PNE/RGO and free PNE, respectively. We
speculate that this result is associated with the diﬀerent electrochemical behaviors of quinone moieties in PNE/RGO and free PNE. As shown in Fig. 7D, we
carried out comparative cyclic voltammetric analyses of PNE/RGO and free PNE by
cycling the potential in the range from 0.3 to 0.6 V (vs. Ag/AgCl) at a scan rate of
50 mV s1 in a phosphate buﬀer (pH 8, 10 mM). The anodic peak current of free
PNE at 0.25 V (vs. Ag/AgCl) decreased signicantly aer the rst scan. In contrast,
the anodic peak current of PNE/RGO at 0.43 V (vs. Ag/AgCl) was maintained
throughout the successive scans. The decrease in the redox peak current of PNE
indicates the irreversible oxidation of catechol groups to form electrochemically
inactive, fully oxidized indole quinone species.29,30 Our results suggest that
quinone-rich PNE facilitates a forward charge transfer pathway and photocatalytic
water oxidation when coating the conductive RGO scaﬀold.

Conclusions
We demonstrated that PNE/RGO lm could eﬀectively function as a redox shuttle
that promoted forward electron transfer in photocatalytic water oxidation. The
simple immersion of GO in a NE solution at slightly alkaline conditions (pH 8.5)
enabled the coating of GO with PNE and the simultaneous reduction of GO to
RGO. Based on PNE’s unique redox properties, which involve two electrons and
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two protons, we applied the PNE/RGO lm to photocatalytic water oxidation and
found that PNE/RGO enhanced the eﬃciency of oxygen evolution over two-fold
more than in the case without the lm in the presence of [Ru(bpy)3]2+ photosensitizer and Na2S2O8 sacricial electron acceptor. We attribute the increased
eﬃciency to the ability of quinone moieties in PNE/RGO to extract electrons from
[Ru(bpy)3]2+ eﬃciently. Moreover, the conductive RGO network facilitated forward
electron transfer while increasing electro-active quinone groups. Our strategy of
using catecholamine-functionalized graphene as a biomimetic redox shuttle for
the construction of a cascaded charge transfer pathway should provide more
opportunities for implementing eﬃcient articial photosynthetic systems.
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