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ABSTRACT: A facile and simple fabrication of Fe,O; as a
shell layer on the surface of ZnO nanowires (NW) as a core—
shell nanoelectrode is applied for the photoelectrochemical
(PEC) splitting of water. An ZnO NW array of core diameter
~80 nm was grown on a fluorine-doped tin-oxide (FTO)
substrate with a hydrothermal method; subsequent deposition
and annealing achieved a shell structure of the Fe,Oj; layer of
thickness a few nm. Fe,O; in the @ phase and ZnO in the
wurtzite phase were identified as the structures of the shell and
core, respectively, through analysis with X-ray diffraction,
scanning electron microscopy, and transmission electron
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microscopy. The ZnO/Fe,0; core—shell NW showed an excellent PEC response to the oxidation of water, and also benefited
from a negative shift of onset potential because of an n/n heterojunction structure. A detailed energy diagram of the ZnO/Fe,O;
core—shell NW was investigated with a Mott—Schottky analysis. This novel core—shell nanostructure can hence not only exhibit
a great potential for the solar generation of hydrogen, but also offer a blueprint for the future design of photocatalysts.
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1. INTRODUCTION

Fossil fuels constitute a finite resource on this planet and cause
serious environmental concerns associated with combustion.
Because of these urgent considerations of energy and
environmental requirements, techniques to generate renewable
energy with zero carbon emission must be developed. Among
clean methods to produce energy, hydrogen is considered to be
an environmentally amenable fuel for the future; a photo-
electrochemical (PEC) system to split water offers a promising
route to produce hydrogen from water with sustainable solar
energy at a semiconductor—electrolyte interface.'™* Most
research has been focused on such photoactive materials as
photoelectrodes as TiO,, GaN, InGaN, WO;, and ZnO that
have a wide band gap, and that must thus be modified to shift
that energy band gap, by doping with a substitutional element
to extend the photoresponse to visible light.>~” The inherently
unavoidable trap centers that are created by dopants
significantly decrease; however, their photoresponse, the
limited solubility of dopants also hampers the shrinkage of
the band gap in those photoactive materials. Iron oxide in the
a-phase (a-Fe,0;) with a band gap 2.2 eV hence attracts
increasing attention for the conversion of solar energy because
iron is an abundant and cheap material.'>"'* Highly active
photoanodes of a-Fe,O; nanostructures within nanoparticle
aggregates have achieved photocurrent 4 mA cm™ at potential
1.53 V vs RHE."? These results reveal the great potential of a-
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Fe,0; for the PEC decomposition of water; this large PEC
activity can become enhanced with the use of materials of
nanometer size, which are particularly relevant on account of
their large ratio of surface to volume and small diffusion length
for carrier transport, compared with their bulk counterparts.'®
a-Fe,0; photoanodes show a positive onset potential of 0.9 V
vs RHE, which results in a requirement of an external voltage to
achieve water splitting, as the energy of the conduction band is
too small for water reduction."*™*® A small diffusion length, Ly,
= 2—4 nm, of minority carriers in this a-Fe,O; material would
limit its effective thickness and light absorption.'® On the basis
of these concerns, an investigation targeted on core—shell
nanostructures for PEC generation of hydrogen might
concurrently provide an alternative route to engineer the
band position of a-Fe,O; with heterojunction structures, and
achieve an efficient utilization of a-Fe,O; with a thin shell-layer
structure.'”'® In this work, we propose a facile and simple
fabrication of a-Fe,O; as a shell layer on the surface of ZnO
nanowires (NW) as a core—shell nanoelectrode for application
to the PEC splitting of water. The optimal PEC activities of
ZnO/Fe,0; core—shell NW as photoanodes are systematically
analyzed. These novel ZnO/Fe,0; core—shell NW arrays not
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Scheme 1. Synthesis of ZnO/Fe,0; Core—Shell NW Array
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only function as photoanodes for the PEC generation of
hydrogen, but also offer an opportunity to develop electronic
and photoelectronic devices based on 3D-hierarchical nanoma-
terials.

2. EXPERIMENTAL SECTION

ZnO/Fe,0; core—shell NW arrays on glass substrates coated with
fluorine-doped tin oxide (FTO) were synthesized with a simple wet-
chemical process, shown in Scheme 1. The first step was the formation
of ZnO NW with a hydrothermal method. A layer (thickness 10—1S
nm) of ZnO nanoparticles was deposited onto a substrate seeded with
FTO on dip coating of a zinc-acetate solution (0.005 M) and thermal
treatment at 350 °C for S min in air. The seeded substrate was placed
in an aqueous solution containing zinc nitrate (0.005 M),
hexamethylenetetramine (HMTA, 0.00S M), polyethylenimine (PEI,
0.005 M), and ammonia (0.25 M) at 90 °C for S h for the growth of
the ZnO NW array. The FeCl; solution (0.02 M in ethanol) was
dropwise deposited onto the ZnO NW array and spin-dried at 3000
rpm after 30 s. The dried sample was subsequently heated on a hot
plate in air at 350 °C for 5 min. This procedure of deposition and
annealing is denoted as one cycle, and cycles of varied number were
tested. The core—shell NW as prepared were further annealed in air at
550 °C for 4 h.

The morphology of the ZnO/Fe,O; core—shell NW arrays was
examined with a scanning electron microscope (SEM, JEM-4000EX);
the structure of the samples was analyzed with an X-ray diffractometer
(XRD, at a beamline 17B in NSRRC). The chemical states of the
elements were determined with X-ray photoelectron spectra (XPS, at a
beamline 24A in NSRRC). The detailed microscopic structure and the
chemical composition of the ZnO/Fe,O; core—shell heterostructures
were investigated with high-resolution scanning transmission electron
microscopey (HR-STEM, JEM2010F, and JEM2200FS operated at
200 kV, JEOL). The photoelectrochemical behavior of the electrodes
was measured in NaOH solution (1 M) with a potentiostat/
galvanostat (CHI 6273D). A conventional three-electrode system
consisting of the ZnO/Fe,0; core—shell NW array as the working
electrode, a square platinum sheet as the auxiliary electrode, and an
Ag/AgCl reference electrode in KCl solution (3 M) was implemented.
All potentials reported in this article are relative to Ag/AgCl (3 M KCl,
0.207 V vs RHE). An Xe lamp (150 W) was used with an AM 1.5 filter
(in Supporting Information, SI, Figure S1); the intensity of
illumination at the sample position was determined to be 100 mW
cm™2 A monochromator (equipped with a Xe lamp, 150 W) provided
monochromatic light for excitation to measure the efliciency of
conversion of incident photons to electrons. The light was incident on
the ZnO/Fe,O; core—shell NW electrodes from the front face,
through a quartz window and the electrolyte, unless otherwise noted.

3. RESULTS AND DISCUSSION

3.1. Structural and Composition Characterizations.
Figure 1, parts a and b, shows the surface morphologies of ZnO
NW arrays synthesized via the hydrothermal method in a top
view and a cross-sectional view. The dense and straight NW
structures cover uniformly and compactly a large area of the
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Figure 1. (3, b) FESEM images of ZnO NWs; SEM images of ZnO/
Fe,0; core—shell NWs at (c, d) 3 cycles, (e, f) 6 cycles, and (g, h) 9
cycles of deposition—annealing procedure.
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FTO substrate; the NWs have lengths over 4 ym and diameter
50—80 nm. The ZnO NW samples as grown were then
subjected to deposition and annealing for 3, 6, and 9 cycles;
those samples were subsequently annealed at 550 °C for S h.
The morphologic evolutions of those samples are displayed in
Figure 1c—h, in which the uniform and thin layers of deposits
on the ZnO NW surface relative to the pristine one are clearly
observable. As the number of cycles of deposition and
annealing increased, the thickness and roughness of the surface
layer substantially increased, which implied that the thickness of
the shell layer was adjustable with the number of cycles of that
deposition and annealing. The lengths and density of all core—
shell NW samples remained notably constant, which indicates
that the procedure involving deposition and annealing does not
significantly damage the ZnO NW.

XRD analysis was performed to study the crystal structure of
the core—shell NW array samples for varied cycles of
deposition and annealing, as shown in Figure 2a; the XRD
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Figure 2. (a) X-ray diffraction patterns and (b) Fe 2p XPS spectra of
ZnO/Fe,0; core—shell NWs.

pattern of pristine ZnO NW is displayed for comparison. As is
observable, after increasing the number of cycles to nine, the
three weak signals due to (012), (104), and (110) slightly
appeared, clearly demonstrating the formation of a-Fe,O;
(hematite, JCPDS no. 33-0664) in the product. The weakness
of the diffraction intensities of a-Fe,O; indicate the deposition
of an only thin layer, but the diffraction signals of ZnO NW
remained, which confirms the fabrication of ZnO/Fe,0; core—
shell NW arrays. From the recorded XPS, the Fe 2p core-level
spectra of core—shell samples were resolved as shown in Figure
2b. After depositions of 3, 6, and 9 cycles, the Fe 2p lines at
711.3 and 724.7 eV, corresponding to Fe 2p;, and 2p, /,, reveal
an oxidation state of 3+. A satellite line of the Fe 2p;/, main line
is observed at approximately 719 eV, at an energy

approximately 8 eV less than that of the main line, which is
most likely indicative of the presence of Fe>* species.'” The Zn
2p core-level spectra of the samples after deposition for 3, 6,
and 9 cycles were also recorded; their ratios of elemental
composition of Zn to Fe were 9.0, 4.6, and 3.5, respectively.
This result indicates that the deposition of the a-Fe,0; layer
significantly increased as the number of cycles increased,
supporting the findings from SEM and XRD.

To elucidate the microscopic structure of the ZnO NW after
deposition and annealing of a-Fe,0;, we conducted a detailed
investigation using a field-emission transmission electron
microscope (FE-TEM). Figure 3a shows a TEM image of a

Figure 3. (a) Low magnification TEM image of a ZnO/Fe,0; core—
shell NWs. (b) High-resolution TEM image of the interface region of
the ZnO/Fe,0; core—shell NWs, showing a single crystalline wurtzite
ZnO nanowire core and a polycrystalline cubic Fe,O5 shell layer. (c)
HAADF image of the ZnO/Fe,O; core—shell NWs, and the
corresponding EDS elemental mapping of (d) Zn, (e) Fe, and (f)
mixing Zn and Fe.

ZnO/Fe,0; NW at small magnification. The surface of the
ZnO NW is coated uniformly with a thin a-Fe,O; shell
(thickness ~ S nm) after deposition and annealing for six
cycles; the core—shell NW structure is confirmed. An image of
the ZnO/Fe,0; core—shell interface region at high resolution
and a corresponding Fourier transform indicate that the
polycrystalline a-Fe,O; shell with lattice fringes due to planes
(1-1—4) and (0—1—4) was deposited on the single-crystalline
hexagonal ZnO NW grown along the c-axis of plane (0001)
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(Figure 3b). This finding is consistent with the XRD results.
Figure 3c—f shows high-angle annular dark-field (HAADF)
scanning TEM images of the middle part of a fractured ZnO/
Fe,O; core—shell heterostructure. The edge region clearly
shows a cylindrical shell contrast of the Fe element, reflecting
the overlapped double layers; the EDS elemental mapping
confirmed the localized Zn element in the filled core area.
These findings demonstrate that the a-Fe,O; shell layer was
completely stripped from the ZnO NW core.

3.2. PEC Performance of ZnO/Fe,0; Core—Shell
Electrodes. To investigate the PEC characteristics of the
ZnO/Fe,O5 core—shell NW that would make them suitable
photoelectrodes for the solar generation of hydrogen from the
decomposition of water, we used an electrochemical cell with
three electrodes. For comparison, a linearly swept voltammo-
gram of pristine ZnO NW and an a-Fe,O; thin film on FTO
after six cycles of deposition and annealing showed a small dark
current, about 0.1 A cm™> which indicated a non-Faradaic
reaction, and photocurrents ~0.75 and ~0.5 mA cm ™2 at 0.6 V,
respectively (Figure 4). The photoinduced anodic current
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Figure 4. Photocurrent—voltage responses of the ZnO/Fe,0; core—
shell NWs.

resulted from the oxidation of water involving the photo-
generation of holes. The onset potentials of the ZnO NW and
a-Fe,O; thin film were notably approximately —0.5 and 0 V,
respectively. When the surfaces of the ZnO NW were uniformly
deposited with a thin layer of a-Fe,O; as shell, the
photocurrent increased significantly to 1.5 mA cm™ after
deposition of six cycles, and also exhibited a rapidly rising
photocurrent. The photocurrent was doubled relative to bare
ZnO NW. In addition, the electrochemical analysis of the
different scan rate and stability were also performed (in SI
Figure S2), and those results illustrated good characteristics in
the photoelectrode. After deposition for nine cycles, the
photocurrent slightly decreased as the thickness of the a-
Fe,0; layer increased; this effect might be ascribed to the small
diffusion length of minority carriers and a small lifetime of
photogenerated carriers in a-Fe,03.">'° Relative to an a-Fe,0;,
thin film, the onset potential of ZnO/Fe,O; core—shell NW
showed a significantly negative shift, which would benefit the
solar decomposition of water at a smaller voltage. The
photocurrent action spectra (Figure S) show the efficiency of
conversion of incident photons to electrons (IPCE) as a
function of excitation wavelength at potential —0.2 V. This
potential can manifest the advantage of ZnO/Fe,O; core—shell
NWs based on the characteristics of the negative onset
potential and a rapidly rising photocurrent in comparison

25
“3 -0-Fe,0,/ZnO NWs_6 cycles
20k% —~ZnO NWs
‘o
15 100

(nhv)"?

IPCE (%)

[
\ OO A
o 18 20 22 24 26 28
5 OOOOO Photon Energy (eV)
m] ©o
\
a

0] 3 DDDDDDDDDDDDDDDDDDDBBQQO

200 450 500 550 600 650
Wavelength (nm)

Figure 5. IPCE as a function of excitation wavelength at a potential of
—0.2 V from ZnO/Fe,0; core—shell NWs at 3 cycles of deposition-
annealing procedure; inset, variation of the square root of IPCE (h)
times hv with photon energy for ZnO/Fe,0; core—shell NWs.

with bare Fe,O; film. The photoresponses of the ZnO/Fe,0;
core—shell NWs and bare ZnO NWs show onset wavelengths
of photocurrent generation about 600 and 390 nm, respectively,
in the electrolyte. According to this comparison, the existence
of an a-Fe,0; shell layer is responsible for the conversion of
visible light in agreement with the results of absorption spectra
(in SI Figure S3). The gradual increase in the IPCE, #, with
increasing photon energy is related to the energy of the band
gap according to the following equation,*

nhy = A(L + W)(hv — E,)" (1)

in which E, is the band gap energy; exponent m = 1/2 for a
direct and m = 2 for an indirect electronic transition; W is the
width of the space-charge layer; and L is the diffusion length.
The inset of Figure 5 shows that eq 1 with m = 2 is closely
followed in a range of photon energies near the absorption
threshold, indicating that the optical transition near the band
gap is indirect. From the intercepts of the straight lines with the
abscissal axis, the band gap energy for ZnO/Fe,0; core—shell
NW is found to be 2.1 eV, in agreement with literature
reports. ro-14

To probe detailed information about the energy band of a n/
n heterojunction, we measured electrochemical impedance
spectra on bare ZnO NW and an a-Fe,Oj; thin film in darkness.
To estimate the position of the flat-band potential for ZnO and
a-Fe,0;, capacitances at the interface between semiconductor
and electrolyte (SEI) with the use of an equivalent circuit are
described with a Mott—Schottky plot. Figure 6, parts a and b,
shows such a plot of data analyzed with CNLS fitting based on
an equivalent circuit.”' This Mott—Schottky equation relates
the capacitance of a semiconductor to the carrier concentration
(Ny) and to other constants and parameters, such as the
fundamental electric charge ¢, relative permittivity (& of ZnO is
8.5; & of Fe,Oy is 80'%), permittivity of vacuum (&),
temperature (T), Boltzmann constant (kg), and the flat-band
potential (Vgg).*!

1 (2 vy kT
c? a [e&?oNd)[V Vep e ] (2)

That the slope of the linear part of the curve in the Mott—
Schottky plot is positive indicates an n-type semiconductor.
Plotting 1/ C? versus V allows the estimation of the flat-band
potential and the concentration of surface carriers, the flat-band
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Figure 6. Mott—Schottky plot of (a) ZnO NWs and (b) a-Fe,O5 thin
film. (c) Energy diagram of ZnO and a-Fe,0; before and after contact.

potential calculated from the abscissal intercept and the carrier
concentration from the slope. The values of the flat-band
potential for ZnO and a-Fe,O; are —1.09 and —0.79 V,
respectively; estimation of the donor concentrations shows that,
in ZnO and a-Fe,0;, the concentrations are 4.37 X 10'* and
2.65 X 10'7 cm™, respectively. On the basis of the measured
flat-band potential, carrier concentration, and energy of the
band gap, the edges of the valence band and conduction band
of ZnO and a-Fe,O; before contact, together with the
reduction and oxidation potentials of H,O are shown in Figure
6¢c. Meanwhile, the conduction band of a-Fe,O; is lower than
that of ZnO, but the energy difference between the conduction
band and Fermi level in Fe,O; is larger than that of ZnO
because of the higher carrier concentration of ZnO. After
contact of the n/n heterojunction, ZnO has a work function
greater than that of a-Fe,O;; the electrons in the Fermi level of
ZnO thus migrate to the Fermi level of a-Fe,O; until their
Fermi levels equalize, which would make the conduction band
of ZnO lower than that of a-Fe,0;, because of the smaller
energy difference between the conduction band and Fermi level
in ZnO. Therefore, under illumination, the photogenerated
electrons in a-Fe,O; can easily transport to ZnO, owing to the

14161

lower conduction band of ZnO. In addition, this n/n
heterojunction might negatively raise the Fermi level of the
core—shell NW and contribute to a negative shift of the onset
potential of the ZnO/Fe,O; core—shell nanoelectrode. This
effect also caused a smaller external voltage to be required for
the core—shell photoelectrode; the photocurrent began at a less
positive potential relative to a bare Fe,O; film. Furthermore, in
contact with the electrolyte, under equilibrium conditions, the
surface band bending becomes significant. This feature would
further benefit the efficient separation of charge, resulting in
rapid ramping of the photoresponse.

4. CONCLUSIONS

In this work, we used a simple chemical solution to fabricate
core—shell photoelectrodes from ZnO/Fe,0; NW arrays. The
uniform coverages of an a-Fe,0; shell at thickness a few nm
and core diameter ~80 nm of ZnO NW were confirmed with
SEM and TEM. With XRD and XPS, we analyzed the structural
and composition features of the ZnO/Fe,O; core—shell NW.
This n/n heterojunction structure would significantly cause a
further negative shift of the flat-band potential and increase the
surface band bending, relative to a bare a-Fe,O; film electrode.
These characteristics resulted in a doubling of photocurrent and
a greater PEC stability at a less positive potential for the
decomposition of water in a practical application. Our
experiments improve our understanding of the heterojunction
effect on PEC activity and provide a blueprint for the design of
materials in the application of solar hydrogen.
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(Figure S1) The spectra of Xe lamp with and without A.M. 1.5
filter at the position of photoelectrode measured in the PEC
analysis. (Figure S2) (a) Linear scan voltammograms of ZnO/
Fe20; core—shell NW electrode with potential scan rates of S0,
20, and 10 mV/s, in 1 M NaOH electrolyte. (b) Current
density versus potential curves in the dark (black line) and in
simulated AM 1.5 illumination for the ZnO/Fe,0; core—shell
NW array during the initial test (blue line) and after 1 h of
illumination (red line). (Figure S3) Absorption spectra of bare
ZnO NWs and ZnO/Fe,0; core-shell NWs. The Supporting
Information is available free of charge on the ACS Publications
website at DOI: 10.1021/acsami.5b03921.
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