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ABSTRACT: Artificial photosynthesis is considered one of the most promising solutions to modern energy and environmental
crises. Considering that it is enabled by multiple components through a series of photoelectrochemical processes, the key to
successful development of a photosynthetic device depends not only on the development of novel individual components but
also on the rational design of an integrated photosynthetic device assembled from them. However, most studies have been
dedicated to the development of individual components due to the lack of a general and simple method for the construction of
the integrated device. In the present study, we report a versatile and simple method to prepare an efficient and stable
photoelectrochemical device via controlled assembly and integration of functional components on the nanoscale using the layer-
by-layer (LbL) assembly technique. As a proof of concept, we could successfully build a photoanode for solar water oxidation by
depositing a thin film of diverse cationic polyelectrolytes and anionic polyoxometalate (molecular metal oxide) water oxidation
catalysts on the surface of various photoelectrode materials (e.g., Fe2O3, BiVO4, and TiO2). It was found that the performance of
photoanodes was significantly improved after the deposition in terms of stability as well as photocatalytic properties, regardless of
types of photoelectrodes and polyelectrolytes employed. Considering the simplicity and versatile nature of LbL assembly
techniques, our approach can contribute to the realization of artificial photosynthesis by enabling the design of novel
photosynthetic devices.

KEYWORDS: artificial photosynthesis, water splitting, photoelectrochemical cell, solar fuel, photocatalysis, layer-by-layer assembly,
modular devices

■ INTRODUCTION

Solar production of valuable chemicals, so-called artificial
photosynthesis, has been a holey grail of scientists and
engineers for decades as an alternative to conventional
technologies for the production of fuels and raw chemicals.1−7

In principle, we can produce a variety of chemicals in a
sustainable manner by rational design of photocatalytic systems
with a proper combination and assembly of individual
functional components.1−5 For example, hydrogen gas can be
photosynthesized from water in the presence of photo-
sensitizers with an appropriate energy gap, hydrogen evolution

catalysts, and water oxidation catalysts (WOCs) under visible
light irradiation.1,6 Recently, it has also been reported that
carbon dioxide can be photocatalytically converted into useful
raw chemicals such as carbon monoxide and formate for the
synthesis of various chemical products.2,7 Due to its huge
potential and its environmental friendliness, various types of
materials have been synthesized and evaluated to find better
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components for artificial photosynthesis: light-harvesting
materials8,9 with a higher/broader absorbance and stability
against degradation, reduction catalysts10,11 with a lower
overpotential and higher selectivity toward a specific product,
and WOCs12−29 with a lower overpotential and a higher
stability against oxidation. There have also been reports about
various types of photosynthetic systems: nanoparticulate
photocatalysts loaded with cocatalysts,10,30 Z-scheme devices,31

wired9,32/wireless6 photoelectrochemical cells, and hybrid
devices33 composed of a solar cell and an electrolysis cell.
However, most current studies have focused on the

development and evaluation of new individual components
without their integration into a photosynthetic device, only
contributing to the broadening of the library of each
component. Considering that a photosynthetic device is
composed of various functional components, assembling
them in a controllable and precise manner on the nanoscale
are the key to the successful development of an efficient
photosynthetic device (Figure 1a).34,35 To enhance the
performance of photoelectrodes, for example, researchers
have tried to integrate various components (or building blocks)
on their surface, such as protective layers,5,15 charge separation/
transporting materials,36,37 and electrocatalysts12−29 by various
methods: electrodeposition,9,25−27 vacuum deposition,15,23,37

covalent immobilization,10,24,29 and molecular recognition.34,35

However, these methods can be applied only to a limited
number of materials and often require special instruments and
techniques for their implementation. Nevertheless, only a few
efforts have been made to develop a universal method for the
assembly of functional components in diverse combinations
into an integrated photosynthetic device.
In the present study, we report a general and simple method

to prepare an efficient and stable photoelectrochemical device
via controlled assembly of organic and inorganic components

using the layer-by-layer (LbL) deposition technique. We
employed the LbL method, which has been rarely used to
fabricate electrochemical38 and photochemical devices,29

because it allows the deposition of various materials with
diverse sizes and shapes in various combinations without
altering their properties through simple electrostatic inter-
actions.38−41 As a proof of concept, a photoanode for visible-
light-driven water splitting was fabricated by the LbL method.
We found that a model molecular water-oxidation catalyst
(WOC), tetracobalt-substituted polyoxometalate (POM)
anions can be readily integrated on various electrode surfaces
such as α-Fe2O3, TiO2, BiVO4, fluorine-doped tin oxide (FTO),
and gold by LbL assembly in the presence of cationic
polyelectrolytes (PEs). After the deposition, the photo-
electrochemical performance of photoanodes was significantly
improved because of the synergistic effect of cationic PEs and
anionic WOCs. Unexpectedly, the stability of photoanodes was
also dramatically enhanced after the LbL modification due to
the protective layer formed by cationic PEs. Considering the
advantages of LbL assembly techniques, such as its simplicity
and universal nature, the current study can present a step
toward realization of artificial photosynthesis by providing a
general and simple method for the construction of various
electrochemical and photoelectrochemical systems.

■ RESULTS AND DISCUSSION

To demonstrate the validity of our approach for the
development of an artificial photosynthetic device, we designed
a series of experiments to construct various photoanodes (i.e.,
half-cell devices) for visible-light-driven water oxidation using
the LbL method (Figure 1). Briefly, various substrates (e.g., α-
Fe2O3, TiO2, BiVO4, gold, etc.) were sequentially treated with
cationic PEs and anionic molecular WOCs for the desired

Figure 1. Layer-by-layer assembly (LbL) of a photoelectrochemical device can be compared to (a) the modular assembly of building blocks (i.e.,
functional components) into an integrated system (i.e., various types of devices). (b) The experimental procedure and (c) the molecular structure of
the functional components used in this study is graphically illustrated. (d) Experimental setup for a photoelectrochemical water splitting to evaluate
the photoelectrochemical performance of LbL-modified photoanodes prepared according to panel b.
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number of times (Figure 1b). Here, we tested four different
kinds of cationic PEs (Figure 1c and Table S1)branched-
poly(ethylenimine) (b-PEI), linear-poly(ethylenimine) (l-PEI),
poly(allylamine hydrochloride) (PAH), and poly-
(diallyldimethylammonium chloride) (PDDA)for the inte-
gration of molecular WOCs onto a desired substrate. A
t e t r a c o b a l t - s u b s t i t u t e d p o l y o x o m e t a l a t e
[Co4(H2O)2(PW9O34)2]

10− (POM) (Figure S1) was selected
as a model WOC because it is well-known as an efficient hole
scavenger and stable molecular WOC with multiple negative
charges.12,13 The performance of various photoanodes before
and after the LbL modification was then evaluated by
constructing a photoelectrochemical cell (Figure 1d) and
measuring linear sweep voltammetry (LSV) and photocurrent
density in the presence and absence of light irradiation. For
convenience, A-(PE/POM)n indicates that an electrode A is
modified with n number of bilayer films composed of cationic
PEs and anionic POM catalysts.
First, we studied the effect of type of PE on the integration of

POM WOCs onto a desired substrate by LbL assembly. Among
various substrates, we initially tested α-Fe2O3 (hematite)
because of its prominent advantages and disadvantages. Note
that hematite is regarded as one of the most promising
photoanode materials for solar water splitting due to its small
bandgap and abundance.8,25,32 However, there are many
problems to be solved for its practical application, especially
the ultrafast recombination of photogenerated holes and a large
requisite overpotential for water splitting of ∼0.5−0.6 V.8 In
this regard, hematite can be used as a model photoanode
material to test the validity of our approach by modifying it
with POM WOCs in various combinations by LbL assembly
and then studying its photoelectrochemical properties. Tin-
doped hematite film was readily prepared using the hydro-

thermal method according to the literature,32 and its
preparation was confirmed by X-ray diffraction (XRD) (Figure
S2). The integration of molecular POM WOCs onto hematite
surface using the LbL method was confirmed by scanning
electron microscopy (SEM), transmission electron microscopy
(TEM) and elemental analysis with X-ray photoelectron
spectroscopy (XPS) and energy-dispersive X-ray spectroscopy.
For example, top-view SEM micrographs showed a clear
difference in the morphology of the hematite photoanode
before (Figure S3a) and after (Figure S3b−d) the LbL
modification with b-PEI and POM. After ten or more cycles
of LbL assembly with b-PEI and POM, a thin layer of
aggregates was coated on the entire electrode surface. Cross-
sectional SEM and TEM analysis revealed that the LbL film was
evenly and conformally deposited on the highly rugged
hematite photoanode (Figure 2). While it is difficult to observe
regular layered structures of the film, we could clearly observe
uniform distribution of POMs in the LbL film without
noticeable segregation (Figure 2e, f). The XPS (Figure S3e)
and EDS (Figure S4) spectra showed that there is a relative
increase of carbon (C)/nitrogen (N) and cobalt (Co)/
phosphorus (P)/ tungsten (W) content after each LbL cycle,
indicating the deposition of PEI and POM, respectively. The
formation of (PE/POM) bilayers through the LbL assembly
technique was also evidenced by in situ quartz crystal
microbalance (QCM) analysis and ex situ spectroscopies. For
in situ QCM analysis, a gold-coated quartz crystal disk was used
instead of a hematite photoanode. We could observe the
formation of (PE/POM) bilayers by monitoring the change of
mass upon treatment with a PE and POM solution, regardless
of the type of cationic PE employed (Figures S3f and S5). The
formation of the LbL film was also investigated ex situ by UV−
visible absorbance, Fourier transform infrared (FT-IR), and

Figure 2. (a, b) SEM and (c−f) TEM micrographs of the hematite photoanode (a, c, d) before and (b, e, f) after the deposition of (b-PEI/
POM)10 bilayers. (a, b) Cross-sectional SEM images clearly show a morphological difference between the hematite photoanode (a) before and (b)
after the deposition of (b-PEI/POM)10 bilayers. Both original and false-colored SEM images are shown for comparison. (c−f) TEM images confirm
the uniform and confomal deposition of the (b-PEI/POM)10 bilayers on the hematite photoanode. Nanoscale dark spots with lattice fringe are
highlighted with white dotted circles and thought to correspond to POMs.
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Raman spectroscopies (Figure S6). UV−visible spectra of the
hematite photoanode showed a gradual increase of absorbance
throughout the entire spectral region upon repetition of the
LbL cycles. It might be due to the increased scattering of light
by the formation and growth of a thin-layer of (b-PEI/POM)

aggregates, which was also supported by FT-IR and Raman
spectra.
On the basis of these results, we investigated the influence of

type of cationic PE on the photoelectrochemical performance
of the hematite photoanode modified with (PE/POM) bilayers.

Figure 3. Influence of the LbL film composed of PE and POM WOCs on the photoelectrochemical of hematite photoanodes. The performance of
different samples was compared by measuring (a) linear sweep voltammetry (LSV) and (b) summarized in terms of onset potential for water
oxidation and photocurrent density with an applied bias of 0.6 V vs Ag/AgCl. (c, d) Electrochemical impedance spectra was measured, represented
in the form of (c) the Nyquist plot, and (d) fitted using an equivalent circuit model.

Table 1. Comparison of the Photoelectrochemical Performance of Fe2O3 Photoanodes Modified by Various Methods

type of
cocatalysts

onset potential
shift (mV)

onset potential
(mV vs RHE)

current density
(mA cm−2)a light source electrolytes

scan rate
(mV s−1) modification methods ref.

POM 410 0.68 0.94 300 W Xe 100
mW cm−2

80 mM borate pH 8.0 20 layer-by-layer assembly this
study

Co-Pi 240 ∼1.0 <0.4 AM 1.5G
100 mW cm−2

0.1 M phosphate and
0.2 M KCl, pH 6.9

5 photodeposition 16

IrOx 300 ∼1.1 ∼0.2 450 W Xe
100 mW cm−2

0.1 M phosphate pH 7.0 electrodeposition 17

Co3O4 40 0.66 1.2 150 W Xe 100
mW cm−2

1 M NaOH hydrothermal 18

Co-Pi 100 0.6 <0.6 AM 1.5G 100
mW cm−2

1 M KOH and
0.2 M KCl

75 photoelectro-
deposition

19

Co-Pi 170 0.9 2.8 AM 1.5G
100 mW cm−2

1 M NaOH photo-assisted
electrodeposition

20

IrO2 200 0.8 3 AM 1.5G
100 mW cm−2

1 M NaOH 10 controlled potential
electro-flocculation

21

NiFeOx 380 0.62 <0.6 AM 1.5G
100 mW cm−2

1 M NaOH drop casting 22

NiOOH 160 0.58 1.64 AM 1.5G 100
mW cm−2

1 M NaOH 20 photo-assisted
electrodeposition

23

Ni(OH)2 300 0.8 0.4 AM 1.5G
100 mW cm−2

1 M KOH and
0.2 M KCl

20 atomic layer deposition 24

Ru
complex

<100 0.9 ∼2 500 W Xe
100 mW cm−2

1 M KOH 10 molecular
immobilization

25

aCurrent density measured at 1.23 V vs RHE.
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For comparison, the concentration of each PE for the LbL
deposition was kept constant at 3 mM in terms of monomer
concentration, and the number of (PE/POM) bilayers was
fixed at ten for each sample. Since we used electrically and
electrochemically inactive PEs for the integration of POM
WOCs, one can expect that the performance of the photoanode
remains unchanged or is even degraded after the LbL process.
Interestingly, however, the performance of the hematite
photoanode with (PE/POM) bilayers was significantly
improved compared to bare hematite in terms of both onset
potential for water oxidation and photocurrent density,
regardless of the type of PE employed (Figures 3a, b and
S7). Among the four different cationic PEs we tested, b-PEI was
found to be most effective in terms of not only the amount of
deposited POM (Figure S8) but also the performance of the
photoanode after the modification. For comparison, hematite
electrodes with ten bilayers of Co2+ cations and polystyrenesul-
fonate (PSS) by the LbL method and with the film of randomly
mixed b-PEI and POM by drop-casting were prepared but
exhibited a negligible catalytic activity (Figure S9), demonstrat-
ing that the improved performance is resulted from the
precisely assembled structure as well as the integration of the
POM WOCs. It is interesting to point out here that the
columnar structure of the hematite and the LbL film is
reminiscent of the mesoscale organization of thylakoid
organelles42 which ensures efficient transfer and utilization of
electrons for photosynthesis.
Indeed, compared to the bare counterpart, Fe2O3-(b-PEI/

POM)10 exhibited outstanding performance with the largest
cathodic shift of the onset potential by about 400 mV and a
significant increase of photocurrent density (up to 0.94 mA
cm−2) by about three times with an applied bias of 1.23 V vs
RHE (0.56 V vs Ag/AgCl at pH 8.0) under visible light
irradiation. The performance improvement by the deposition of
(PE/POM)10 bilayers was even more pronounced at lower
applied bias (Figure S10). Compared to previous re-
ports,16−25,43 the hematite electrode modified by the LbL
method is found to have an excellent photoelectrochemical
performance even at around neutral pH (Table 1). To the best
of our knowledge, especially, the observed cathodic shift of the
onset potential by about 400 mV is the largest among the
reported to date for the hematite photoanode.43 Note that a
large cathodic shift of onset potential for water oxidation is
highly beneficial to make a more efficient bias-free photo-
electrochemical cell composed of a p-type photocathode and an
n-type photoanode. It is because the maximum operating
current of the cell can be estimated from the interception of the
individually tested LSV curves of the photocathode and the
photoanode, respectively (Figure S11).5,32

To elucidate the potential role of b-PEI on the improved
photocatalytic activity of hematite photoanodes, we prepared
four different kinds of hematite photoanodes by LbL assembly
(Figure S12). These included bare Fe2O3, Fe2O3-(b-PEI/
POM)10, Fe2O3-(b-PEI/PSS)10, and Fe2O3 with ten bilayers of
b-PEI and polyoxometalates without a tetracobalt active site
(Fe2O3-(b-PEI/POM w/o Co)10) (Figure S12a). As shown in
Figure S1, the POM without the active site ((PW9O34)

9−)
(POM w/o Co) alone has no catalytic activity at all. It was also
found that polyelectrolytes alone (i.e., Fe2O3-(b-PEI/PSS)10)
have a negative effect on the performance of the hematite
photoanode. Interestingly, the performance was significantly
improved below a certain potential when these two
components are assembled together (i.e., Fe2O3-(b-PEI/POM

w/o CO)10) (Figure S12b, c). This implies the synergistic effect
of the LbL-assembled b-PEI and oxide clusters ((PW9O34)

9−)
on the performance of Fe2O3-(b-PEI/POM)10. Recently, it is
reported that polyoxometalates44 and amine-containing mole-
cules,45 respectively, can act as a hole transporting layer for
polymer-based optoelectronic devices, implying the potential
role of the LbL assembled film in addition to the simple
catalyst-loading effect.
To decouple factors that may affect the performance of the

LbL-modified hematite electrodes, electrochemical impedance
spectroscopy was carried out. All the impedance spectra are
well fitted to a 2-RC-circuit model and consist of two
semicircles (Figures 3c, d and S13 in the Supporting
Information). The series resistance (RS) including the substrate
resistance, the resistance related to the ionic conductivity of an
electrolyte solution, and external contact resistance was found
to have a negligible difference between the samples. It could be
easily expected that there is a decrease of the low-frequency
charge transfer resistance (R2) due to the improved electro-
catalytic activity after the deposition of POM WOCs.
Unexpectedly, we could also observe a significant decrease of
the resistance at high frequencies (bigger than 100 Hz) (Figure
S13), which can be related to the charge transport resistance
(R1)

46 in the Fe2O3 semiconductor. These results support the
synergistic effect of the LbL-assembled layers of b-PEI and
POMs on the performance improvement of the hematite
photoanode. Considering that the LbL film might have a
negligible effect on the bulk electrical properties (e.g.,
conductivity) of semiconductors and the charge transport
resistance decreases as the strength of electric field increases in
general,46,47 it is thought that the alternating layers of cationic
and anionic materials formed by the LbL assembly can act an
interfacial dipole and contribute to the decrease of charge
transport resistance. In principle, interfacial dipoles can induce
the bending48 of energy level and facilitate the charge transport
in the semiconductor photoelectrode and to the POM WOCs.
Our hypothesis can be also supported by a recent report48

showing that the photocatalytic efficiency of semiconductors
can be enhanced by introducing internal electric fields with
ferroelectric materials.
As a next step, we tried to investigate the effect of the

thickness or the number of the (b-PEI/POM) bilayers on the
performance of the hematite photoanode. It was found that the
photoelectrochemical performance of the hematite is gradually
improved upon the deposition of up to ten bilayers and then
degraded when more layers are deposited (Figures 4, S14a, and
S15). However, hematite photoanodes modified by a large
number of LbL bilayers (e.g., Fe2O3-(b-PEI/POM)20) still
show significantly improved performance compared to the bare
one. Thus, it is thought that there is a critical thickness of the
bilayer, below which photogenerated holes on hematite can be
efficiently scavenged by POM WOCs for oxidation of water.
Further studies are required to elucidate the underlying
mechanism more in detail.
To exclude the possibility that the observed improvement in

the performance of the hematite photoanode resulted from
undesirable side reactions such as oxidation of PEs and
photocorrosion of hematite, we carefully designed and
conducted a set of experiments. First, we carried out cyclic
voltammetry (CV) to study potential oxidation of amines in the
presence and absence of POMs (Figure S16). The oxidation of
b-PEI and water was readily distinguished in the cyclic
voltammogram due to their different onset potentials. The
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onset potentials for oxidation of b-PEI and water were found to
be around 0.7 and 1.0−1.1 V vs Ag/AgCl, respectively.
Interestingly, it was found that the oxidation of b-PEI was
significantly suppressed in the presence of POMs, possibly due
to the fast hole-scavenging activity of POMs.13 Second, we
measured the Faradaic efficiency of the hematite photoanode
for oxygen evolution before and after the LbL modification.
The chronoamperogram of the hematite photoanode showed a
gradual decrease of photocurrent density over time, but the
overall tendency of the effect of the number of bilayers
remained unchanged (Figure S14b). As expected from LSV and
photocurrent measurement, the amount of oxygen and

hydrogen evolved was significantly increased after the
modification with (b-PEI/POM) bilayers (Figure 4c). The
Faradaic efficiencies of the hematite photoanode before and
after modification with (b-PEI/POM)10 bilayers were found to
be 55 and 94%, respectively, with an applied bias of 0.77 V vs
Ag/AgCl under visible light illumination at pH 8.0. For Fe2O3-
(b-PEI/POM)10, the turnover number (TON) for oxygen
evolution by POM was found to be 2.30 × 103 O2/POM under
the same condition. Taken together the results from CV
analysis and the calculation of the Faradaic efficiency and the
TON, we can conclude that the contribution of b-PEI oxidation
to the performance improvement of the hematite photoanode
was negligible after the LbL modification.
Since the low Faradaic efficiency of bare hematite implies the

presence of unwanted side reactions such as photocorrosion of
photoanodes,49 we studied the morphology of the hematite
photoanode before and after the photocatalytic water oxidation
for 3 h. According to the literature50 and the Pourbaix
diagram51 (Figure 5a), hematite exhibits poor stability at
around neutral pHs due to cathodic corrosion. The bare
hematite (Fe2O3) showed a clear morphological change after
the reaction, such as fragmentation of hematite crystals possibly
due to photocorrosion (Figure 5b). On the other hand, Fe2O3-
(b-PEI/POM)10 exhibited a negligible morphological change
after the reaction as expected from its high Faradaic efficiency
(Figure 5b). Considering the cathodic corrosion of hematite at
near-neutral pHs and the hole-scavenging activity of POMs, the
observed stability improvement of the hematite photoanode is
attributed to the formation of (b-PEI/POM) bilayers, especially
b-PEI layers. The chronoamperometric measurement of
photocurrent stability (Figure S14b) also indicates the high
stability of the hematite electrode and the LbL film even at a
high applied bias. It is interesting to point out here that b-PEI
plays multiple vital roles in the improvement of the overall
performance of hematite photoanodes: (1) an electrostatic
adhesive for anionic POM WOCs, (2) an agent for improving
charge transfer between hematite photoanodes and POM
WOCs, and (3) a protective coating layer against the corrosion
of hematite photoanodes.
Recently, there have been issues raised about the stability of

POM WOCs.52,53 In 2011, Finke et al.52 reported that cobalt-
based POM used in this study is not stable for the
photoelectrochemical measurement and act as a raw material
for CoOx- or Co3O4-like WOCs. Although it is argued by
Limberg et al.53 which report the stability of POM on the basis
of X-ray absorption spectroscopy (XAS), there still remain
concerns about its stability. To address such concerns, we
characterized the LbL-assembled hematite photoanode by
Raman spectroscopy before and after measuring chronoam-
perogram with an applied bias of 0.77 V vs Ag/AgCl under
visible light illumination for 3 h. As shown in Figure S17, there
was a negligible change in Raman spectra after the test and no
sign for the formation of CoOx or Co3O4. To exclude the
possibility of release of Co2+, POM, and PEI from the LbL film,
we also measured the UV/visible absorbance spectra of the
electrolyte solution before and after the test and cannot find an
evidence of dissolution or release of these species (Figure S18).
Lastly, to demonstrate the versatility of our approach for the

substrate-independent assembly of various functional compo-
nents for the construction of a photosynthetic device, we
prepared various forms of photoanodes by the LbL
modification of various materials such as Fe2O3, BiVO4, and
TiO2. We first tried to deposit a different polyoxometalate

Figure 4. Effect of the number of (b-PEI/POM) bilayers on the
photocatalytic performance of the hematite photoanode. The
performance of different samples was compared by measuring (a)
LSV and (b) summarized in terms of onset potential for water
oxidation and photocurrent density. A three-electrode photoelec-
trochemical cell was prepared to quantify the total charge transfer by
chronoamperogram (Figure S14) and (c) the actual amount of gas
evolved by gas chromatography to calculate the Faradaic efficiency of
the hematite electrode with and without (b-PEI/POM) bilayers.
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WOC, [Co4(H2O)2(VW9O34)2]
10− (POM(V)),14 which is

structurally very similar to the POM we have used,
[Co4(H2O)2(PW9O34)2]

10−. Although POM(V) had a much
higher electrocatalytic activity than POM, as shown in Figure
S1, POM(V) was found to be less active when integrated on
the hematite photoanode using the LbL method (Figure S19).
This result indicates that the integration of WOCs with higher
catalytic activity does not guarantee a higher overall perform-
ance of a photosynthetic device and that it is important to build
and test an actual device in various combinations to find a
better photosynthetic device. As a next step, we tried to
integrate POM WOCs on different photoanode materials such
as BiVO4

9 and TiO2,
1 which are also well-known as promising

photoanode materials for solar water oxidation, and carefully
examined their photocatalytic properties. They were synthe-
sized according to the literature,9,54 and their formation was
confirmed by XRD (Figure S2). We could readily deposit
multiple bilayers of b-PEI and POM WOCs on BiVO4 (Figure

6a−c and Figure S20a, b) and TiO2 (Figure 6d−f and Figure
S20c, d), respectively, and successfully improve their photo-
catalytic properties in terms of onset potential and photo-
current density (Table S2).
Although here we only demonstrated the validity of our LbL-

based approach for the construction of an oxidation half-
reaction device with a few components, in principle, it can also
be utilized to design and build various novel electrochemical
(EC) and photoelectrochemical (PEC) devices. Contrary to
conventional approaches relying on material-specific equipment
and technique, our LbL-based approach can be applied to
assemble diverse materials in various combinations and a
desired order at nanoscale precision on any kind of substrate
with complex geometries.38−41 Despite these advantages, the
LbL method has been rarely used in the fabrication of EC38,55

and PEC devices because of concerns about incorporation of
inactive components such as polyelectrolytes. In the present
study, however, it was found that the incorporation of

Figure 5. Stability of hematite photoanodes with and without (b-PEI/POM)10 bilayers. (a) The Pourbaix diagram for Fe−H2O was obtained from
the Materials Project database (http://www.materialsproject.org). (b) SEM micrographs of hematite with and without (b-PEI/POM)10 bilayers were
compared before and after the photoelectrochemical test for 1 h with an applied bias of 0.6 V vs Ag/AgCl under visible light irradiation to study the
effect of (b-PEI/POM)10 bilayers on the stability of hematite photoanodes.
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polyelectrolyte can contribute to the performance improvement
of PEC devices by facilitating efficient charge transport and
protecting photoelectrodes against corrosion or degradation. In
this regard, we believe that our approach not only provides an
alternative way to build a photosynthetic device, but also
enables the design and realization of novel electrochemical and
photoelectrochemical devices by providing higher degree of
freedom in their design and fabrication.

■ CONCLUSION

To summarize, we report a versatile and simple, LbL-based
method to assemble various functional components in the form
of a photosynthetic device/system. As a proof of concept, we
demonstrated that cationic PEs and anionic POM WOCs can
be efficiently integrated on the surface of various photo-
electrodes with complex geometries such as Fe2O3, BiVO4, and
TiO2. It was found that their photoelectrochemical properties
can be engineered by controlling various factors of LbL
assembly such as types of PEs and the number of LbL bilayers.
Furthermore, the LbL film was found to facilitate efficient
charge transport and significantly improve the stability of
photoelectrodes. Considering the versatile nature of LbL
assembly for the deposition of multiple functional materials
with diverse sizes and shapes in various combinations, it is
thought that our LbL-based approach can not only provide a
general and simple method for the controlled assembly of them
to make an artificial photosynthetic device but also enable the
designing of a novel electrochemical and photoelectrochemical
system.

■ EXPERIMENTAL SECTION
Materials. All chemicals, unless otherwise stated, were purchased

from Sigma-Aldrich (St. Louis, MO, USA). Poly(allylamine hydro-
chloride) and sodium nitrate was produced by Alfa Aesar (Ward Hill,

MA, USA). The gold-coated quartz crystal disk was obtained from
Stanford Research Systems (Sunnyvale, CA, USA).

Fabrication of Various Photoanodes. Hematite photoanodes
were prepared by a simple hydrothermal method according to the
literature.32 Briefly, a clean FTO substrate was prepared, loaded in a 50
mL Teflon-lined stainless steel autoclave containing a 10 mL aqueous
solution of 0.15 M FeCl3 and 1.0 M NaNO3, and treated at 100 °C for
1 h to grow FeOOH film. Tin-doped hematite film was prepared by
annealing the FeOOH film on FTO at 800 °C in air for 5 min. The
overall process was repeated one more time. Nanoporous TiO2
photoanodes were fabricated by using a doctor-blade method. Briefly,
TiO2 paste was prepared by ultrasonically mixing 1 g of commercially
available TiO2 nanoparticles with 10 mL of ethanol for 30 min and
adding 3% of titanium isopropoxide to the mixture under vigorous
stirring. TiO2 paste was then casted on ITO by the doctor-blade
method and annealed at 150 °C for 1 h to obtain nanoporous TiO2
film. BiVO4 photoanodes were obtained by electrochemical deposition
of BiOI film on FTO and its chemical conversion to BiVO4, according
to the literature.9 A precursor solution for electrodeposition of BiOI
was prepared by dissolving 0.04 M Bi(NO3)3 in 50 mL of 0.4 M KI
solution, adjusting the pH of the solution to 1.7 with HNO3, and then
mixing with 20 mL of 0.23 M p-benzoquinone solution in ethanol. The
electrodeposition of BiOI was carried out with a WMPG1000
multichannel potentiostat/galvanostat (WonATech Co. Ltd., Korea)
under the following conditions: working electrode, FTO glass;
reference electrode, Ag/AgCl; counter electrode, Pt wire; applied
potential, −0.1 V vs Ag/AgCl. The BiOI electrode was converted to
BiVO4 by treating it in the presence of 0.2 M vanadyl acetylacetonate
at 400 °C with a ramping rate of 2 °C/min and selectively removing
unwanted V2O5 with 1 M NaOH solution.

Synthesis of Polyoxometalate-Based Water Oxidation
Catalysts. A tetracobalt-substituted polyoxometalate (POM) water
oxidation catalyst (WOC), [Co4(H2O)2(PW9O34)2]

10−, was synthe-
sized according to the literature.12 Briefly, the sodium salt of POM was
produced by preparing a neutral aqueous solution of 1.08 M Na2WO4·
2H2O, 0.12 M Na2HPO4, 0.24 M Co(NO3)2·6H2O and refluxing it at
100 °C for 2 h. The resultant POM WOCs were purified by
recrystallization.

Figure 6. Improvement of the performance of (a−c) BiVO4 and (d−f) TiO2 photoanodes by layer-by-layer (LbL) assembly of cationic
polyelectrolyte b-PEI and anionic POM water oxidation catalysts (WOCs). The formation of (b-PEI/POM)n bilayers on BiVO4 (n = 10) and TiO2
(n = 5) photoanodes was confirmed by (a−d) electron microscopy, respectively, (a, c) before and (b, d) after the LbL treatment. Inset shows the
corresponding photograph of the BiVO4 and TiO2 photoelectrodes on the FTO substrate, respectively. (e, f) The effect of the (b-PEI/
POM)n bilayers on the performance of (c) BiVO4 and (f) TiO2 photoanodes was studied by measuring LSV and photocurrent density with and
without light irradiation. Note that visible and UV light was illuminated for BiVO4 and TiO2, respectively.
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Deposition of (Polyelectrolyte−POM)n Bilayers on Various
Substrates by LbL Assembly Technique. For the integration of
negatively charged POM catalysts by LbL assembly technique, we used
four different cationic polyelectrolytes: branched-poly(ethylene imine)
(b-PEI), linear-poly(ethylene imine) (l-PEI), poly(allylamine hydro-
chloride) (PAH), and poly(diallyldimethylammonium chloride)
(PDDA). For LbL assembly, cationic polyelectrolytes and anionic
POMs were dissolved at 3 mM (in terms of monomer concentration)
and 1 mM, respectively, in a 10 mM phosphate buffer with 137 mM of
NaCl (pH 5.0). One cycle of LbL assembly consists of sequential
treatment of the substrate with polyelectrolyte and POM solutions for
5 min each. The substrate was washed with deionized water for 30 s
three times between each cycle and treated repeatedly for the desired
number of times.
Characterization. Morphology and elemental composition of

samples were characterized by an S-4800 scanning electron micro-
scope (SEM) (Hitachi High-Technologies, Japan) equipped with an
energy dispersive X-ray spectrometer (EDS). The formation of
(polyelectrolyte/POM) bilayers on various electrodes was confirmed
with multiple analytical tools such as a V-730 UV−visible
spectrophotometer (JASCO, Japan), a Cary 670/620 Fourier
transform infrared (FT-IR) microscope (Agilent Technologies, Santa
Clara, CA, USA), an alpha 300R confocal Raman microscope (WITec,
German), and a QCM200 quartz crystal microbalance (QCM)
(Stanford Research Systems, Sunnyvale, CA, USA).
Photoelectrochemical Characterization. The photoelectro-

chemical performance of photoelectrodes was characterized by linear
sweep voltammetry (LSV) in the presence and absence of visible light
irradiation with a WMPG1000 multichannel potentiostat/galvanostat
under the following conditions: working electrode, photoelectrodes
with and without the LbL modification; reference electrode, Ag/AgCl;
counter electrode, Pt wire; electrolyte, 80 mM phosphate buffer (PB,
pH 8.0); visible light source, 300W Xe lamp equipped with a 400 nm
cut-on filter. Evolution of oxygen and hydrogen gas during the
photoelectrochemical test was identified and quantified with a GC-
2010 Plus gas chromatograph (Shimadzu Co., Japan). All measure-
ments were done at least in triplicate for statistical analysis.
Electrochemical impedance spectra were measured using a 1260
impedance analyzer from Solartron under the following conditions:
reference electrode, Ag/AgCl; counter electrode, Pt wire; electrolyte,
80 mM phosphate buffer (pH 8.0); applied potential of 0.5 V vs Ag/
AgCl; amplitude, 10 mV; frequency scan range, 100 kHz to 0.1 Hz.
The Faradaic efficiency was calculated by dividing the number of
electrons used for water oxidation and that flown through a
photoelectrochemical cell, assuming four-electron oxidation of water.
Turnover number was calculated from the ratio between the total
number of oxygen produced and POM deposited, which were
determined by gas chromatography and QCM analysis, respectively.
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