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ABSTRACT: An efficient water oxidation photoanode
based on hematite has been designed and fabricated by
tailored assembly of graphene oxide (GO) nanosheets and
cobalt polyoxometalate (Co-POM) water oxidation cata-
lysts into a nacre-like multilayer architecture on a hematite
photoanode. The deposition of catalytic multilayers
provides a high photocatalytic efficiency and photo-
electrochemical stability to underlying hematite photo-
anodes. Compared to the bare counterpart, the catalytic
multilayer electrode exhibits a significantly higher photo-
current density and large cathodic shift in onset potential
(~369 mV) even at neutral pH conditions due to the
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improved charge transport and catalytic efficiency from the rational and precise assembly of GO and Co-POM.
Unexpectedly, the polymeric base layer deposited prior to the catalytic multilayers improves the performance even more
by facilitating the transfer of photogenerated holes for water oxidation through modification of the flat band potential of
the underlying photoelectrode. This approach utilizing polymeric base and catalytic multilayers provides an insight into
the design of highly efficient photoelectrodes and devices for artificial photosynthesis.

KEYWORDS: artificial photosynthesis, photocatalysis, graphene oxide, polyoxometalate, layer-by-layer assembly

artificial photosynthesis, has long been considered as a

promising solution for sustainable fuel and chemical
production.' ™ Based on the principles of natural photosyn-
thesis,"™” studies on artificial photosynthesis have progressed
from a fundamental understanding of the photophysical and
photoelectrochemical (PEC) properties of semiconducting
materials®” to their practical application.'””*" For example,
various semiconducting materials, such as a-Fe,O; (hema-
tite),*"> Si,"*7"7 and TiOzylg_ZO have been studied as a
photoelectrode for hydrogen and/or oxygen evolution in a
PEC cell. Especially, hematite is regarded as a promising
photoanode for solar water oxidation due to its low cost,
abundance, and wide visible-light absorption.g_15 However, its
intrinsic limitations, such as fast recombination (<10 ps), short
hole diffusion length (2—4 nm), and high requisite over-
potential (0.5—0.8 V), hinder the high efficiency and long-term
stability, which become critical for practical application. To

E nabling eflicient solar production of chemicals, so-called
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alleviate these limitations, diverse forms of photoelectrodes
have been presented using various functional components,
such as water oxidation catalysts (WOCs)*™"" and charge-
transporting materials.'® Although these attempts have been
effective, the importance of tailored assembly and precise
interface engineering”> has often not been a subject of
intensive research to improve the photocatalytic performance
even further.

Nature has developed its own strategy to build delicate and
complicated biological systems through the rational design and
precise assembly of multiple components.””’ Representative
examples include the formation of photosynthetic machinery
that efficiently produces biological fuels using sunlight in a
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Scheme 1. Schematic Representation of LbL-Assembled (GO/Co-POM), Multilayers on a Hematite Electrode with a
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thylakoid membrane and mollusk shells having excellent
mechanical properties. The precise molecular arrangement of
light-harvesting pigments, redox-active molecules, and catalytic
active sites in photosynthetic machinery ensures efficient
harvesting of sunlight and directional transfer of electrons
through machinery, resulting in the superior efficiency of
natural photosynthesis.*”” Similarly, nacre has a delicate
lamellar structure, where inorganic calcium carbonate crystals
and organic polypeptides are hybridized with nanoscale
precision.”™

Inspired by such biological systems, we recently reported the
fabrication of modular PEC devices using a layer-by-layer
(LbL) method, which has been utilized for the fabrication of
nacre-like structures.'***™° The LbL method enabled the
precise assembly of molecular WOCs and polyelectrolytes on
various photoanode surfaces into an architecture reminiscent
of the photosynthetic machinery with a significantly improved
PEC performance, regardless of the type of underlying
photoanodes.“’zs Considering its simplicity, flexibility, and
universal applicability,'***~*° the LbL method can be further
utilized to design and fabricate various PEC devices assembled
from multiple functional components. However, our previous
studies have been limited to the proof-of-concept demon-
stration—assembly of a single functional component (i.c.,
WOCs) and its effect on performance improvement—and did
not explore the potential role of polyelectrolytes in interface
engineering.

In this study, we demonstrate the LbL approach of organic/
inorganic hybrid photoanodes for efficient solar water
oxidation through tailored assembly of multiple functional
components and precise interface engineering with polyelec-
trolytes. Specifically, we have modified hematite with graphene
oxide (GO) nanosheets and cobalt-based polyoxometalate
([Co4(H,0),(PW,05,),]"°", Co-POM) for effective charge
transport” —** and fast water oxidation electrocatalysis," "
respectively. The tailored assembly of GO and Co-POM into
nacre-like catalytic multilayers led to a synergistic enhance-
ment in water oxidation performance. Interestingly, the
predeposition of polymeric base layers improved the perform-
ance even more significantly by improving interfacial charge
transport through tuning of flat band potential of the
underlying electrode. We anticipate that this study will provide
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a platform to assemble various nanoscale components to
design high-performance multiscale hybrid PEC devices.

RESULTS AND DISCUSSION

The catalytic multilayers of GO and Co-POM (hereafter,
(GO/Co-POM),, n denotes the number of bilayers (BL))
were fabricated on the hematite electrode by sequential
deposition of cationic GO and anionic Co-POM exploiting
the electrostatic interactions for solar water oxidation (Scheme
1). It is expected that GO and Co-POM can contribute to
improved photoanode performance by facilitating selective and
efficient transport of holes and catalytic extraction of electrons
from water, respectively. Cationic GO was synthesized by
covalently introducing amine groups on chemically exfoliated
GO nanosheets.>*> In parallel, anionic Co-POM with a
biomimetic oxo-bridged tetracobalt active site was prepared
based on previous work.”> These two suspensions exhibited
considerable surface charges at the assembly conditions, as
indicated by the zeta-potential measurement (Figure S1). Prior
to the multilayer assembly, a polymeric base layer composed of
three BL of poly(ethylene imine) (PEI) and poly(acrylic acid)
(PAA) (ie, (PEI/PAA);) was deposited to improve the
coverage and uniformity of the multilayer film on the hematite
electrode. The critical role of the base layer in tuning the flat
band potential of the hematite electrode will be described
more in the following discussion.

The successful assembly of (GO/Co-POM), multilayer
films was confirmed by scanning electron microscopy (SEM),
UV/vis spectroscopy, ellipsometry, and quartz crystal micro-
balance (QCM) analysis (Figure S2). SEM images showed a
significant morphological change to the hematite electrode
after the assembly. While bare hematite has a worm-like
structure, the deposition of the multilayers led to the formation
of a sheet-like structure on its surface, a characteristics of GO
nanosheets, resulting in a decrease in surface roughness
(Figure S2a,b). In particular, the deposition of uniform and
transparent films was clearly demonstrated through the linear
growth of the characteristic absorption peak of GO at 230 nm
(Figure S2c,d). Notably, the transmittance of the 17 BL films
reached 93.5% at 400 nm, demonstrating that the catalytic
multilayer had a negligible effect on the passage of light to the
hematite electrode. Ellipsometry measurements also indicated
a uniform increase in the thickness with an average BL
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Figure 1. STEM characterization of the (GO/Co-POM), multilayer films. (a) Cross-sectional STEM image and (b) EDS elemental mapping
images of the (GO/Co-POM), multilayer films on hematite. (c) High-magnification STEM image and (d) EELS line scan analysis of the
(GO/Co-POM),, multilayer films. The green and black lines correspond to the intensity profile of W O edge and C K edge peaks,
respectively. (e—i) Extracted EELS data on different positions of the multilayer: (e—h) C K, Co M, and W O edge spectra on (e, f) a GO
layer and (g, h) a Co-POM layer and (i) Fe M edge spectra on the hematite electrode.

thickness of 0.61 + 0.05 nm (Figure S2e). Independently, in
situ QCM analysis quantitatively supported a linear growth in
the (GO/Co-POM), multilayer film (Figure S2f). For
example, GO and Co-POM were deposited at a density of
0.25 and 0.41 pug cm™?, respectively, in a single bilayer with a
mass ratio of 1:1.6 (GO vs Co-POM). The consistent growth
throughout the multilayer supported a uniform deposition of
each functional component, such as GO and Co-POM, on top
of the electrode.

To identify the precise nanoscale architecture of the (GO/
Co-POM), multilayer film assembled on the hematite
electrode, we carried out cross-sectional scanning transmission
electron microscopy (STEM), energy-dispersive X-ray spec-
troscopy (EDS), and electron energy loss spectroscopy (EELS)
analyses. The STEM (Figure la and Figure S3) and EDS
elemental mapping analyses indicated that the hybrid multi-
layers of (GO/Co-POM), with W and P elements of POM
were deposited evenly on the ragged and worm-like hematite
electrode with Fe and O elements (Figure 1b). The high-
magnification STEM image shows the alternating multilayer
film by the clear contrast difference: dark Co-POM layers, with
heavy elements such as W and Co, along with bright GO
layers, with elements such as C and O (Figure 1c). The
corresponding EELS analysis clearly distinguished the
alternating GO and Co-POM layers within the multilayer
film (Figure 1d). Accordingly, the chemical contents varied
with respect to position, highlighting the sequential deposition
of the corresponding components. Specifically, the peaks on
the C K edge (284 €V) and the W O edge (36 eV) were
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displayed as alternating, with a clear contrast difference in a
distance span of approximately 4 nm (Figure 1c,d). Only the C
K peak was clearly observed in the GO layer (Figure lef), and
the W O and Co P peaks were observed in the Co-POM layer
(Figure 1gh). In addition, the peak at 54 eV corresponded to
the Fe M edge in the hematite electrode (Figure 1i). Unlike
the polymeric base layers, which were difficult to identify due
to the low contrast and interpenetration of polymer chains, the
(GO/Co-POM), film clearly exhibited alternating nanoscale
multilayers of organic and inorganic components albeit with a
large structural difference in the two-dimensional GO and
zero-dimensional Co-POM (hundreds of nm vs 1—2 nm in
diameter). The observed thickness difference between STEM
and ellipsometry (about 4 vs 0.61 + 0.05 nm per BL) could
have originated from differences in surface roughness of the
hematite electrode for STEM and silicon wafer for
ellipsometry.*® On the basis of the detailed STEM and EELS
characterization, we verified that the alternating deposition of
GO and Co-POM using the simple LbL process led to the
formation of a nacre-like hybrid film with nanoscale precision.

After confirming the successful growth of hybrid films of
(GO/Co-POM),, they were subjected to thermal reduction to
improve their PEC performance for water oxidation. It is well
known that the thermal reduction of GO leads to an increase
in its electrical conductivity, especially hole-transporting
properties.’”*> The nine BL films were selected as a
representative sample and reduced at three different temper-
atures, 100, 200, and 300 °C. The efficiency of the samples was
evaluated by linear sweep voltammetry (LSV) under light and
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Figure 2. Photoelectrochemical performance of the hematite photoanode with the catalytic multilayers. (a) Effect of the thermal reduction of
GO on the performance of the hematite photoanode with (PEI/PAA);/(GO/Co-POM),. (b, c) Influence of the number of catalytic layers
(BL, n). (c) Comparison between performances of various photoanodes in terms of photocurrent density at 1.23 V vs RHE. (d) Photograph
of experimental configuration for (e) long-term stability test for 3 h and (f) gas evolution analysis. (e) Cycling test showing the long-term
stability of the catalytic multilayer films under the applied bias of 1.23 V vs RHE. (f) Time series of O, gas evolution by the hematite
photoanode with (PEI/PAA),/(GO/Co-POM), film under visible light irradiation.

dark conditions (Figure 2a). Even before reduction, the
hematite photoanode with the hybrid film exhibited a
significantly improved performance in terms of onset potential
and photocurrent density, implying a catalytic effect of the
hybrid film. Both X-ray photoelectron spectroscopy (XPS) and
Raman spectroscopy confirmed the successful reduction of GO
and preservation of elemental distribution after the reduction
(Figure S4). The thermal reduction of GO had a negligible
effect on the onset potential for water oxidation, but displayed
a significant effect on the increase in photocurrent density of
the hematite electrode, which can be attributed to the
improved electrical properties of GO upon reduction. Note
that onset potential values were determined as the value where
dJ/dV is equal to 0.2 mA cm™> V™!, where ] is the measured

470

photocurrent density and V is the applied bias, according to
the literature.'>*” The efficiency increased for samples treated
from 100 to 200 °C and then decreased at 300 °C. For
example, the photocurrent densities of hematite electrodes
assembled with (GO/Co-POM), were 0.49 (no treatment),
0.83 (100 °C), 1.03 (200 °C), and 0.78 mA cm™> (300 °C),
respectively, at pH 8.0 and an applied bias of 1.23 V s
reversible hydrogen electrode (RHE). We hypothesize that the
dependence of the performance of the hematite photoanode
on reduction temperature resulted from the compromise
between the increased conductivity of the multilayer films and
thermal degradation of the polymeric base layers upon thermal
reduction. One can expect that the performance improvement
results from the formation of oxygen vacancies upon
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Figure 3. Role of the base and catalytic multilayers in the performance improvement of the hematite photoanode. (a) Effect of three BL of
polymeric base layers on the performance of the hematite electrode with the catalytic multilayers. The solid lines are respective polynomial
fitted curves. (b) Nyquist plots of impedance for hematite electrode with catalytic multilayers. (c) Mott—Schottky plots for the hematite
photoanodes in the presence and absence of the polymeric base layers. Inset shows the charge injection efficiency for the corresponding
photoanodes. (d) Energy level diagram showing the definition of various physical and electrochemical quantities. (e) Illustrations showing
the effect of the interfacial dipole on the energy level of semiconductor photoanodes.

. 40,41
annealing.”™

XPS analysis revealed that large amounts of
oxygen vacancies were formed even at a relatively low
temperature of 200 °C under an Ar atmosphere with 4% H,
(Figure SS). Considering the thickness of catalytic multilayers
(ca. 20—30 nm) and surface-sensitive characteristics of XPS
analysis, however, it is difficult to assert that oxygen vacancies
were preferentially formed in hematite. Further studies are
required to unveil the identity and role of oxygen vacancies in
our system and will be reported in due course.

On the basis of these results, we optimized the conditions
for the catalytic multilayer assembly, enabling efficient and
stable solar water oxidation by the hematite photoanode.
When we investigated the effect of the BL number (ie.,
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thickness) of the catalytic multilayers, we found that nine BL
exhibited the best performance in terms of photocurrent
density (Figure 2b,c and Figure S6). Although there was a
negligible difference in the onset potential values between
samples with a different number of catalytic multilayers (n
ranges from 1 to 17 BL), there was a huge cathodic shift of 369
mV in the onset potential compared to the bare hematite (1.07
V vs RHE). To the best of our knowledge, it is one of the
largest cathodic shifts in onset potential for the hematite
photoanode, irrespective of measurement conditions such as
pH, electrolyte concentration, and light intensity (see Table
S1).* After the optimization, we further carried out the
incident photon-to-current conversion efficiency (IPCE)

DOI: 10.1021/acsnano.8b06848
ACS Nano 2019, 13, 467—-475


http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b06848/suppl_file/nn8b06848_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b06848/suppl_file/nn8b06848_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b06848/suppl_file/nn8b06848_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b06848/suppl_file/nn8b06848_si_001.pdf
http://dx.doi.org/10.1021/acsnano.8b06848

ACS Nano

measurement to study the effect of the catalytic multilayers on
the wavelength-dependent photochemical properties of the
hematite photoanodes (Figure S7). Except for a significant
increase in the efliciency after the deposition of the catalytic
multilayers, the IPCE and absorbance spectra of both
photoanodes (bare and nine BL) exhibited a similar wave-
length-dependent response, confirming the negligible effect of
the catalytic multilayers on the photogeneration of charge
carriers. As a control, we further modified the hematite
photoanode with GO alone, Co-POM alone, or randomly
mixed GO and Co-POM by drop-casting in the absence of the
base layer. In these control experiments, the amount of each
component deposited and their relative ratio were kept
identical to those in the LbL assembly. As shown in Figure
S8, there was a negligible or even detrimental effect on the
performance of the hematite photoanode when modified by
drop-casting, regardless of the type of deposited materials.
These results clearly demonstrate the importance of tailored
nanoscale assembly of functional components to improve the
performance of the underlying photoelectrode.

Next, we performed a chronoamperometric cycling test to
evaluate the stability of our catalytic multilayers on the
hematite electrode upon PEC water oxidation (Figure 2d,e).
As shown in Figure 2e, the hematite electrode with our
catalytic multilayers exhibited a much higher photocurrent
density compared to the bare counterpart. It is noteworthy
here that, unlike other samples, the (GO/Co-POM), sample
occasionally led to a gradual and abrupt increase in
photocurrent density during the measurement. Considering
that such a phenomenon is frequently observed due to the
formation and detachment of gas bubbles in the active
electrode,” we attribute these changes to a higher catalytic
efficiency of the (GO/Co-POM), film. To further verify that
the (GO/Co-POM), multilayers on the hematite photoanode
were indeed generating oxygen gas during the solar water
oxidation without unwanted side reactions, gas chromatog-
raphy (GC) was used to measure the amount of evolved gases
under continuous visible light illumination (Figure 2f).
Interestingly, the amount of evolved oxygen gas from the
(GO/Co-POM), hybrid film was 2 to 3 times higher than the
bare hematite electrode. The Faradaic efficiency of the
hematite photoanode without and with catalytic multilayers
was 57.6% and 84.6%, respectively. The slight deviation from
the ideal efficiency of 100% can be attributed to photo-
corrosion of hematite at neutral pH.'® The turnover frequency
of Co-POM was 1.88 X 10° h™" for the hematite electrode
assembled with the base and catalytic layers of (PEI/PAA),;/
(GO/Co-POM),. Taken together, these results confirm a
higher efliciency and stability of the catalytic multilayers.

During optimization, the unexpected role of the polymeric
base layer was unveiled and found to contribute to the
performance improvement of the hematite photoanode.
Initially, the base layer was introduced prior to the assembly
of the catalytic multilayers of (GO/Co-POM), to improve
their adhesion to the hematite photoanode. Interestingly, the
deposition of the base layer alone resulted in the increase of
the photocurrent density and a slight cathodic shift (~182
mV) of onset potential (Figure 2b). Encouraged by these
findings, we systematically investigated the relationship
between the number of polymeric base layers, number of the
catalytic multilayers, and the performance of the hematite
photoanode in terms of photocurrent density. The predepo-
sition of the base layer significantly improved the PEC water
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oxidation performance (Figure 3a). For example, the hematite
photoanodes exhibited the best performance when both the
three BL of the base layer and nine BL of the catalytic
multilayer were deposited together. For the hematite with nine
BL of the catalytic multilayers, the current densities were 1.03
and 0.51 mA cm™ at 1.23 V vs RHE with and without three
BL of the base layer, respectively. To elucidate the underlying
mechanism for the improvement, the electrochemical
impedance spectra (EIS) were evaluated (Figure 3b). The
EIS of the hematite electrode with the base layer (PEI/PAA),
alone exhibited a smaller resistance for both charge transport in
the hematite electrode (R;) and electrocatalytic charge transfer
(R,) compared to the bare counterpart (see Table S2). Further
deposition of the catalytic multilayers led to an even more
significant decrease, demonstrating the respective role of GO
and Co-POM as an efficient charge-transporting material and
effective WOC as stated earlier. We hypothesize that the base
layers contribute to the improvement by affecting flat band
potential of the hematite photoanode with its dipole moment
and tuning the band-edge position more favorable for overall
water splitting.

To support our hypothesis on the interfacial dipole effect of
the polymeric base layers, the flat band potentials (V3) of the
hematite photoanode with and without the base layers were
determined using Mott—Schottky (M-S) analysis (Figure 3c).
According to literature,”* the flat band potential (Vg,) can be
SHE

Eg " +x+lw

determined by the expression V = + fo where

ESME is the energy of standard hydrogen electrode (SHE) with
respect to the vacuum level of the electron (—4.44 V), y is
the electron affinity for hematite, {; is the difference between
the energy of the conduction band edge and the electron Fermi
level, and V; is the potential drop across the Helmholtz layer
due to the presence of adsorbed ions and dipoles under flat
band conditions (Figure 3d). The deposition of polymeric base
layers resulted in a large shift of the flat band potential of about
200 mV. On the contrary, there was a negligible change in the
slope of the M-S plot and thus the charge carrier density in the
hematite photoanode, implying that y and { ; are constant for
both samples. Thus, the observed difference in the flat band
potentials can be attributed to different Vi values, suggesting
the presence of a local dipole moment originating from the
alternating layers of cationic and anionic materials (Figure 3e).
After the deposition of the base layer, interestingly, the shift of
onset potential was comparable to that of the flat band
potential (~200 mV), while the charge injection efficiency was
considerably improved (Figure 3c inset), supporting our
hypothesis that the local dipole moment formed by the
deposition of a polymeric base layer improved the charge
separation and injection efficiency. Our finding is consistent
with recent reports on the fabrication of a low work-function
electrode by the deposition of polyelectrolytes.*>™*’ Further
study is currently underway to disclose its underling
mechanism more clearly. This study is noteworthy in that
GO, Co-POM, and polymeric base layers are rationally
assembled on hematite considering the energy level of each
material and effective charge transfer. GO as a hole-
transporting material offers a conductive basement and Co-
POM acts as a WOC, respectively. In addition, the polymeric
base layer effectively tuned the flat band potential for enhanced
catalytic dipole development. Finally, it is significant that all
electrode assembly is performed in an aqueous solution, which
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could offer potential in an environmentally friendly and
universally applicable protocol for future electrode engineering.

CONCLUSIONS

In summary, we developed catalytic multilayers that integrate
GO and Co-POM by layer-by-layer assembly to improve the
artificial photosynthetic efficiency of a hematite electrode. This
catalytic multilayer was precisely optimized with the amount of
catalysts by adjusting the number of catalytic multilayers and
additional heat treatment for high photocatalytic efficiency.
The hematite electrode assembled with organic and inorganic
hybrid multilayers showed a superior photocatalytic activity
compared with a bare hematite electrode, indicating that the
catalytic multilayers play an important role in the effective hole
transfer to water. Moreover, the polyelectrolyte base layer
offered a crucial influence on photocatalytic performance
through the tuning of surface dipole and flat band potential for
efficient charge separation and injection. We anticipate that
this study will provide a platform for designing and developing
a high-performance artificial photosynthetic photoanode.

METHODS

Synthesis. Graphene oxide was prepared using a modified
Hummer’s method and functionalized with an amine group through
covalent coupling with ethylene diamine in the presence of 1-[3-
(dimethylamino)propyl]-3-ethylcarbodiimide methiodide.*®*” Cobalt
polyoxometalate, [Co,(H,0),(PW,0;,),]'°", was synthesized ac-
cording to the literature.” The hematite photoanode was hydro-
thermally grown on a fluorine-doped tin oxide (FTO) substrate
according to the method described by Jang et al."®

Deposition of Polymeric Base Layers and Catalytic (GO/Co-
POM),, Layers. Poly(ethylene imine) (Polymer Science; M,, 10 000)
and poly(acrylic acid) solutions (Sigma-Aldrich; M,, 250 000) were
prepared as 5 mg mL™' as cationic and anionic polyelectrolyte
solutions, respectively, for deposition of the base layers. In the case of
the deposition of the catalytic (GO/Co-POM), layers, GO and Co-
POM solutions were prepared at concentrations of 0.50 mg mL™" and
1.0 mM as cationic and anionic components, respectively. Prior to
LbL assembly, substrates were treated with oxygen plasma to increase
their hydrophilicity and the solution pH was adjusted to 6.0. (PEI/
PAA), base layers and subsequent (GO/Co-POM), catalytic layers
were deposited using an automatic dip-spin coater (Strato Sequence
IV) in the following order for the described number of times: cationic
PEI (or GO) solution for 10 min (or 3 min), deionized (DI) water
three times for 1 min each to remove any unbound polymer, anionic
PAA (or Co-POM) solution for 10 min (or 3 min), and DI water
three times for 1 min each. The assembled (GO/Co-POM),
multilayer films were thermally reduced in a tube furnace (Thermal
CVD for graphene, Cyntec Co.) under the following condition:
heating rate of 10 °C per min, annealing temperature of 100, 200, or
300 °C, and Ar atmosphere containing 4% H,.

Characterizations. The surface {-potential of GO and Co-POM
was measured to confirm the LbL condition using a {-potential
analyzer (Malvern, Zetasizer Nano ZS). The absorbance of (GO/Co-
POM), multilayers on a quartz substrate was characterized by UV—vis
spectroscopy (Cary 5000, Varian). The film thicknesses on the silicon
substrate were measured by ellipsometry (J. A. Woollam Co. Inc., EC-
400 and M-2000V). The loading mass of each material absorbed onto
the film surface was analyzed by a quartz crystal microbalance
(Stanford Research System, QCM200), according to the literature.®
The LbL films were analyzed by XPS (Thermo Fisher, ESCALAB
250XI). The reduction state of GO was confirmed by Raman
spectroscopy (Witec, Alpha300). Structural investigation including
SEM, STEM images, EDS mapping, and EELS of the (GO/Co-
POM), multilayer films was conducted using a Nova nanoSEM (FEI)
and a JEM-2100F high-resolution transmission electron microscope
(JEOL). Samples for STEM analysis were prepared using a dual-beam
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focused ion beam (FEIL, Quanta 3D FEG). The energy resolution of
the EELS spectrometer is about 0.9 eV as measured by the full width
at half-magnitude of the zero-loss peak. The energy window of the
EELS was 25—225 eV for W (W O edge, 36 V), Co (Co M edge, 60
€V), and Fe (Fe M edge 54 eV) peaks and 170—570 eV for the C (C
K edge, 284 eV) peak.

Photoelectrochemical Characterizations. All photoelectro-
chemical characterizations were conducted in 80 mM phosphate
buffer (pH 8.0). The performance of the hematite-based photoanodes
was evaluated by measurement with an LSV under visible light
illumination (100 mW cm™) with a WMPG1000 multichannel
potentiostat/galvanostat under the following conditions: Ag/AgCl
reference electrode, Pt planar counter electrode, and 20 mV s7! scan
rate. A 300 W Xe lamp equipped with a 400 nm cut-on filter was used
as a visible light source. Evolved oxygen and hydrogen gases during
the PEC test were quantified with a GC-2010 Plus gas chromatograph
(Shimadzu Co., Japan). Electrochemical impedance spectra were
measured using a 1260 impedance analyzer (Solartron) under the
following conditions: Ag/AgCl reference electrode, Pt wire counter
electrode, 0.5 V applied potential, 10 mV amplitude, and 100 kHz to
0.1 Hz frequency scan range. Mott—Schottky analysis was carried out
using a CP-150 potentiostat/ galvanostat (Bio-Logic Science Instru-
ments, France) under the following conditions: Ag/AgCl reference
electrode, Pt counter electrode, and frequency of 1000 Hz. The
charge injection efficiency was determined by comparing photo-
current densities at 1.23 V vs RHE in the presence and absence of
Na,SO; as a hole scavenger.
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