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ABSTRACT: By coupling a-Fe,O; with a 3D graphene inverse opal (3D-GIO)
conducting electrode, the short diffusion length of carriers and low absorption
coefficient in @-Fe,O; for photoelectrochemical applications were successfully
addressed. GIO was directly grown on FTO substrate under low temperature
conditions, removing the need for a graphene transfer process. a-Fe,O; nanoparticles
(NPs) were hydrothermally deposited on the surface of GIO, creating a-Fe,0,/GIO.
The photocurrent density of a-Fe,0;/GIO in water splitting reactions reached 1.62
mA/cm? at 1.5 V vs RHE, which is 1.4 times greater than that of optimized a-Fe,0;.
The EIS and IPCE data confirm reduced electron—hole recombination and fast
electron transfer processes due to the short distance between active materials and the
conducting electrode in the a-Fe,0;/GIO system. Our result may pave the way for
designing devices in advanced energy conversion applications as well as a high
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hotoelectrochemical (PEC) water splitting utilizing semi-
conductors for solar hydrogen generation has received
intense attention in the past decade.’ Among many semi-
conductor materials, @-Fe,O5 is an earth-abundant, stable, and
promising n-type candidate for solar water splitting with an
appropriate bandgap of 2.2 eV, ranging in the visible region.””*
Three main issues remain to be addressed for cost-efficient a-
Fe,0; to be broadly used as a photoelectrode in PEC devices:
its short hole diffusion length of 2—4 nm, which results in a
high fraction of recombination; low absorption coefficient near
the bandedge,2 and the bulk/surface defects® that cause the
high overpotential, low mobility of hole. Various efforts, such as
nanostructuring,”” impurity doping,* assembling a hetero-
junction,® and surface treating with Co-Pi or IrO,”'" have
been suggested to overcome these issues in a-Fe,O3-based PEC
devices. Another possible straightforward approach to address
these drawbacks would be to directly and quickly transfer
photogenerated electrons created in photoelectrodes to a 3D
nanostructured current collector with photon trapping effects.
A three-dimensional (3D) nanonetwork is of considerable
interest as an electrode material in energy-related areas because
of its large surface area permitting a large number of accessible
active sites, short-distance contact, and bicontinuity facilitating
the transport of carriers."'™"* As a conducting electrode,
graphene has great potential because of its great electron
mobility, transparency, and flexibility. Previous studies have
tried to improve photocatalytic activity by the incorporation of
graphene with good conductivity as well as catalytic proper-
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However, most studies showed a relatively small
increase in photocatalytic activity by using chemically
synthesized graphene sheet. Among numerous techniques
available for the preparation of graphene, chemical vapor
deposition (CVD) growth of graphene on a metal or silica-
coated silicon substrate is presently a powerful way to fabricate
high quality and large area of graphene.'’”"* However,
limitations caused by the high-temperature CVD growth
condition, around 1000 °C, influence the choice of substrates,
which might greatly determine the performance of the devices.
For example, FTO glass, commonly used as a conducting
substrate, has been questioned as a substrate for graphene
growth, because it is unstable at high-temperature conditions
because of the low melting temperature of the glass and the
thin film of FTO. Thus, finding a way to grow graphene directly
on the substrate, which removes the need for the transfer
process, would bring great advantage for the broad and practical
use of graphene.

In this work, we report a new type of 3D graphene
conducting electrode which is directly grown on FTO substrate
at 500 °C via carbon segregation on the surface of a 3D Ni
inverse opal (NIO) frame. a-Fe,0; NPs were decorated onto
3D graphene inverse opal (GIO) nanostructures via hydro-
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Figure 1. Illustration for the fabrication of a-Fe,0;/GIO.

Fe,0; Deposition

Dissolving
PS particles

v

3D-Fe,04/GIO

Figure 2. SEM images of (a) GIO after etching nickel and (b) a-Fe,0;/GIO. (¢, d) TEM images of a-Fe,05/GIO. The inset images in c and d are

the SAED pattern and (110) lattice plane of a-Fe,O;, respectively.

thermal method for efficient water splitting reactions. The 3D-
nanostructured a-Fe,0;/GIO exhibited 1.4 times increased
efficiency relative to pristine a-Fe,O5 at a bias of 1.5 V, which
can be attributed to the direct transfer of photogenerated
electrons from a-Fe,O; to the 3D graphene conducting
electrode by short and direct contact.

a-Fe,05/GIO was prepared by the following four steps, as
illustrated in Figure 1. First, PS particles (350 nm) synthesized
via emulsion polymerization were assembled into 3D opal
structures on an FTO substrate, followed by electrodeposition
of nickel onto the 3D opal structures (see Figure S1 in the
Supporting Information). The dimension of PS was determined
so as to efficiently scatter light for maximized light trapping as
optimized in our previous reports.”® Second, the PS opal
structure was dissolved in toluene, leaving the nickel inverse
opal (NIO) structures. Third, the prepared NIO was carburized

using polyol solution at 250 °C with the assistance of catalytic
Ni.'” During the subsequent CVD process at 500 °C for 1 h
under an Ar atmosphere, dissociated carbon percolated down
through the NIO structures. The Raman spectra of GIO grown
at various temperatures are shown in Figure S5 in the
Supporting Information. The carbon then segregated from
the carbon-dissolved NIO during the cooling processes,
creating a graphene structure on the surface of the 3D NIO
frame. After removing NIO, a 3D GIO with a diameter of 350
nm was created. Fourth, high crystalline a-Fe,0;/GIO was
obtained by further heating the FeOOH NPs/GIO in two steps
(350 °C, air and 750 °C, Ar, The conductivity of FTO treated
under this condition is given in Table S2 in the Supporting
Information). The annealing temperature of 750 °C was
optimized for the samples to have the best crystalline nature as
shown in Figure S6 in the Supporting Information.
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Figure 3. (a) XRD analysis of NIO (black line) and a-Fe,0;/GIO (red line) on FTO substrate. (b) Raman spectrum of GIO.
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Figure 4. Optical properties of a-Fe,05/GIO. (a) Diffuse reflectance spectra. (b) UV—visible spectra.

Figure 2a displays a scanning electron microscope (SEM)
image of GIO. Because of the high carbon solubility of Nij,
multilayer graphene was created, which agrees with the results
of other related studies.'® It should be noted that the GIO
nanostructures were not considerably deformed and phys-
icochemical properties of our low temperature-grown GIO,
such as conductivity (1.4 k/[]) and transparency (59% at 550
nm), were not greatly inferior to those of graphene grown at
1,000 °C. A SEM image of a-Fe,0; decorated on GIO is shown
in Figure 2b (the elemental mapping data are shown in Figure
S2 in the Supporting Information). Here, we targeted a-Fe,O,
NPs with diameters of less than 10 nm, which ensure a short
diffusion path of holes to the surface of hematite, as well as
enhanced surface area to compensate the relatively low number
of active sites in the larger dimension GIO frame. The surface
area was measured with 0.2 and 0.5 g of GIO and a-Fe,0;/
GIO, respectively, by nitrogen adsorption—desorption iso-
therms. A plot of relative pressure vs volume absorbed was
obtained by measuring the amount of N, gas that adsorbs onto
the surface of interest and the subsequent amount that desorbs
at a constant temperature (70 K). The surface area of a-Fe,0;/
GIO was enhanced up to 63 m?/g after a-Fe,O; deposition,
which is four times greater than 15 m*/g of GIO (see Figure S4
in the Supporting Information). The details for controlling the
size of FeOOH precursor NPs can be found in Figure S3 in the
Supporting Information. The well-arranged pores in Figure 2b
confirm a-Fe,0;/GIO maintains the original IO structures
without great deformation. The transmission electron micros-
copy (TEM) images in Figure 2c, d reveal high density a-Fe,0,
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nanoparticles with diameters of about 10 nm on the surface of
~10 layers of graphene in a-Fe,0;/GIO. The selected area
electron diffraction (SAED) patterns of a-Fe,O; nanoparticles
in the inset of Figure 2c are overlapped with the graphene
pattern, implying the deposition of a-Fe,O; nanoparticles onto
GIO had occurred. The inset in Figure 2d shows the zoomed-
up image of highly crystalline a-Fe,O; particles with lattice
spacing of 2.5 A, corresponding to the (110) plane.

The formation of GIO and a-Fe,O; NPs on the surface of
GIO was confirmed by XRD and Raman analysis. The three
peaks of a-Fe,O; at 33.5, 35.92, and 64.3°, corresponding to
the (104), (110) and (300) planes (JCPDS 99—000—1511)
appeared in the XRD of a@-Fe,0;/GIO.*' The hematite
obtained by a single step annealing process at 750 °C in an
Ar atmosphere resulted in the creation of a mixture of Fe,O;
and Fe;O, as shown in Figure S8 in the Supporting
Information. The typical graphene peak at 26° corresponding
to the (002) plane, which was created on the surface of NIO by
CVD at 500 °C, was not detected in the XRD curve due to the
overlap with the strong peak of FTO at 27°. Instead, the
creation of graphene was proved by Raman data. Raman
spectrum of GIO in Figure 3b revealed the D and G bands at
around 1350, 1580, and the 2D band at 2700 cm™! of graphene.
The clear appearance of these main peaks, I,/I ratio of 0.615,
and /I ratio of 0.880 prove the creation of a multilayer of
graphene, obtained under the low-temperature graphene
growth conditions (500 °C). The Raman analysis of a-
Fe,0;/GIO is shown in Figure S9 in the Supporting
Information.
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Figure S. Photocurrent behaviors of a-Fe,05/GIO. (a) Photocurrent vs potential of a-Fe,O; and a-Fe,0;/GIO under UV—visible and dark
conditions. (b) J—t curve of a-Fe,05/GIO at a bias of 1.5 V vs RHE under UV—visible light illumination. (c) Nyquist plots and (d) IPCE of a-Fe,0,
and a-Fe,0;/GIO at a bias of 0.5 V vs open circuit potential under illumination.

We hypothesized that the GIO structures effectively provide
a light-harvesting mechanism, which potentially improves the
photoconversion efficiency of low absorptive a-Fe,O; where it
is poor, in the red spectral region, as reported in other 10-
focused research.”” To investigate the intensity of scattered
light under beam irradiation, we measured the diffuse
reflectance spectra of a-Fe,O;/GIO and a-Fe,0;, as shown
in Figure 4a. Here, a-Fe,O; is a nanostructured control sample
with a thickness of 150 nm composed of NPs fabricated by the
same method as the ones deposited on the surface of GIO.
Compared to a-Fe,0;, the a-Fe,03/GIO exhibited significantly
higher diffuse reflection spectra in the visible spectrum of light
(550—800 nm), indicating that the absorbed light was
efficiently scattered within the nanostructure because of the
dimensions of GIO in the few hundred nanometer scale, thus
providing longer passages of light. The effect of introducing
photon trapping GIO into the hematite was clearly observed by
comparing the UV-extinction spectrum of the a-Fe,0;/GIO
with two types of samples without the photon trapping effects,
which were due to the small dimensions of the pores (the
pristine a-Fe,O; and graphene nanofoam containing ~40 nm
pores) as shown in Figure 4b. Compared to the typical
absorption spectrum of the a-Fe,O; and that of the 150 nm
thick graphene nanofoam, which shows similar absorption peak
values in the overall spectral range,'® the a-Fe,0;/GIO showed
a greatly raised characteristic absorption spectrum in the longer
wavelength region (450—650 nm). This indicates that low
absorption in a-Fe,O; NPs was effectively overcome in a-
Fe,0;/GIO, which can be attributed to GIO frame with the
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photon trapping effects (see the Tauc plot which shows a band
gap of a-Fe,03/GIO and a-Fe,O; in Figure S11 in the
Supporting Information).>®

The photocurrent densities of a-Fe,0;/GIO were measured
at a potential range from 0.6 to 2.0 V under AM 1.5 G
simulated sunlight illumination, as shown in Figure Sa.
Compared to pristine a-Fe,O;, the photocurrent density of
a-Fe,0;/GIO exhibited great enhancement. The pristine a-
Fe,0; showed a photocurrent density of 1.17 mA/cm? at a bias
of 1.5 V vs RHE, which is similar to the reported values of
pristine a-Fe,O; in other studies.”* The maximum photo-
current density of @-Fe,05/GIO reached 1.62 mA/cm?* at 1.5 V
vs RHE, which is 1.4 times higher than that of pristine a-Fe,O;.
This increment can be attributed to the direct contact of a-
Fe,O; NPs onto 3D-conducting GIO which facilitates fast
electron transfer through the bicontinuous networks in a-
Fe,0;/GIO. The I-t curve of a-Fe,0;/GIO was obtained by
chopped illumination of AM 1.5 G at an interval of 10 s on/off
for UV—visible light at 1.5 V (Figure Sb). The abrupt
occurrence and decay in the photocurrent density during the
on/off illumination sequence implies the fast conduction of
photocreated electrons from a-Fe,O; to GIO. In order to
explore the electrical behavior of a-Fe,O; and a-Fe,05/GIO,
EIS measurements were carried out at a frequency range from
100 kHz to 0.1 Hz under 1 M NaOH electrolyte and open
circuit voltage conditions (Figure Sc). The onset point on the
real axis (R;) at the high-frequency region represents the
intrinsic resistance and the contact resistance of the electrode
material with the substrate. The diameter of the semicircle, R,
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at the middle frequency region conveys the interfacial charge
transfer resistance. @-Fe,0;/GIO had a lower R, value, of 36 €,
than that of pristine a-Fe,O3;, 109 €, indicating that the a-
Fe,03/GIO electrode has lower contact resistance and better
intrinsic conductivity than the pristine a-Fe,O; electrode (the
EIS analysis of the GIO electrode is shown in Figure S10 in the
Supporting Information). This implies a strong advantage of
the direct and short-distance contact of a-Fe,O; with a 3D-
networked graphene current collector. The improvement can
also be attributed to our direct growth method of GIO on FTO
substrate. The diameter of the semicircle of a-Fe,0;/GIO at
the middle frequency range is much smaller than that of a-
Fe,0,, implying that a-Fe,0;/GIO provides pathways for more
effective charge transfer between electrolytes and electrodes
and thus more suppressed recombination (see Figure S7 in the
Supporting Information). In Figure Sd, the incident photon-to-
electron conversion efficiency (IPCE) of Fe,05/GIO exhibits a
maximum value of 42% at 320 nm with an extended
photoresponse window up to 600 nm and is overall much
higher than that of a typical a-Fe,0; electrode, indicating that
more photons have been converted to currents in a-Fe,O/
GIO.

In conclusion, we have shown that by coupling GIO with
photoelectrode materials, the problem of low diffusion length
and low absorption in a-Fe,O; was efficiently addressed, and
thereby the water splitting photocurrent density generated by
a-Fe,O; could be greatly enhanced. GIO, directly grown on
FTO substrate at low temperature conditions, provides the 3D
conducting networks for shuttling electrons and photon
trapping effects. The diffuse reflectance spectra and EIS data
respectively proved the enhanced absorption, and the presence
of direct and fast electron transfer pathways and reduced
electron—hole recombination in a-Fe;O;/GIO showed 1.4
times higher PEC value than that of typical a-Fe,O; at 1.5 V vs
RHE. Furthermore, the preparation method and the method-
ology for the design introduced here can be readily extended to
other metal oxide materials and systems, which provide strong
potential for our strategy in energy conversion systems.
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Experimental details, SEM, XPS, BET, Raman, XRD, scheme,
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