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Abstract
In this study, we report the fabrication and characterization of a novel PEC tandem cell,
consisting of p-Si/TiO2/Fe2O3 core/shell/hierarchical nanowire (csh-NW) array photocathode
and TiO2/TiO2 core/shell nanotube (cs-NT) array photoanode, for overall solar water splitting in
a neutral pH water. The p-Si/n-TiO2/n-Fe2O3 csh-NWs, made mainly by solution-processed
methods, offer significantly improved performance in the neutral pH water with a low (positive)
onset potential and photoactivity at zero bias, due to the increased reaction surface area,
effective energy band alignment among p-Si, n-TiO2 and n-Fe2O3 enhancing the charge
separation, improved optical absorption, and enhanced gas evolution. Nitrogen modification
(annealing under N2) is used to further enhance the csh-NWs photocathodic performance. The
PEC tandem cell is then able to handle overall solar water splitting in the neutral pH water with
a solar-to-hydrogen (STH) efficiency of �0.18%. The achieved results demonstrate initial steps
toward the realization of full PEC devices using earth-abundant materials for solar hydrogen
generation suggesting competitive performance when solar matched photoanode core material
and co-catalysts are used.
& 2015 Elsevier Ltd. All rights reserved.
015.11.019
hts reserved.

s Science and Engineering Program, University of California-San Diego, 9500 Gilman Drive, La Jolla,

org (D. Wang), jin@ucsd.edu (S. Jin).

http://dx.doi.org/10.1016/j.nanoen.2015.11.019
http://dx.doi.org/10.1016/j.nanoen.2015.11.019
http://dx.doi.org/10.1016/j.nanoen.2015.11.019
http://dx.doi.org/10.1016/j.nanoen.2015.11.019
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nanoen.2015.11.019&domain=pdf
mailto:d.w.wang@ieee.org
mailto:jin@ucsd.edu
http://dx.doi.org/10.1016/j.nanoen.2015.11.019


A. Kargar et al.290
Introduction (positive) onset potential and photoactivity at zero bias.
Photoelectrochemical (PEC) hydrogen production through
solar water splitting is considered as a promising approach
for clean hydrogen fuel generation [1–8], which has poten-
tial for high solar-to-hydrogen (STH) efficiencies of over 30%
[9]. Obtaining a PEC tandem cell (full PEC device/system) in
a Z-scheme configuration to handle efficient and durable
overall spontaneous solar water splitting is challenging. Its
key difficulties remain in the design and engineering of
efficient and stable photoelectrodes (photocathode and
photoanode) using earth-abundant materials with cost-
effective, simple, and scalable fabrication processes with-
out co-integration of photovoltaic/catalysts cells or the use
of conventional metal counter electrodes [10]. To run
overall solar water splitting in a full PEC device, both
individual photocathode and photoanode should provide a
low onset potential in one specific electrolyte in a way that
their photocurrents cross each other [1]. There has been
tremendous progress on individual photoelectrodes with
high cathodic or anodic performances [2,7,11–24], however,
coupling of most of such photoelectrodes to build a PEC
tandem cell has been difficult due to some limitations such
as operation of photoelectrodes in different electrolytes,
high onset potentials that prevent the crossing of photo-
currents, etc. Indeed, Mor et al. have demonstrated metal
oxide nanotube arrays for self-biased hydrogen generation
cell, in which the correspondent photocathode and photo-
anode were immersed in 0.1 M Na2HPO4 and 1 M KOH,
respectively, achieving a photoconversion efficiency of
0.30% [25].

Si/metal-oxide heterojunction electrodes have shown
promising PEC performances for both cathodic and anodic
conditions exhibiting potential to reduce their onset poten-
tial to the desirable values [18,26–32]. For example for the
Si/Fe2O3 electrodes, Mayer et al. have shown the reduction
of photoanodic turn-on potential through the dual-absorber
nature of the n-Si/n-Fe2O3 junction [18], while Jun et al.
have reported the photoanodic onset potential decrease
due to the catalytic effect of n-Fe2O3 on n-Si [33]. Building
full PEC systems based on nanowire (NW) heterojunction
photoelectrodes is a promising approach for solar hydrogen
production due to unique characteristics of NWs, facile NW
fabrication methods, ability to form different NW hetero-
structures, etc. Liu et al. have reported an integrated
system of catalyst-loaded Si and TiO2 NWs for direct solar
water splitting achieving a 0.12% solar-to-fuel efficiency in
0.5 M H2SO4 solution [4]. On the other hand, having a PEC
tandem cell working in neutral pH water is highly desirable
as the natural water resources such as seawater are usually
in a neutral condition, and are abundant and easily dis-
posable. Employing a neutral electrolyte for solar water
splitting also prevents the undesirable use of strong acids or
bases, which can lead to environmental and handling issues.

In this paper, we demonstrate a novel PEC tandem cell,
consisting of p-Si/TiO2/Fe2O3 core/shell/hierarchical nano-
wire (csh-NW) array photocathode and TiO2/TiO2 core/shell
nanotube (cs-NT) array photoanode, for overall solar water
splitting in a neutral pH water. The csh-NWs, made mainly
by solution-processed methods, provide considerably
enhanced performance in the neutral pH water with a low
The csh-NWs photocathodic performance is further
improved using nitrogen modification. The cs-NTs also offer
improved performance. The mechanism of performance
improvement for the photoelectrodes is studied. The PEC
tandem cell is able to drive overall solar neutral water
splitting with a STH efficiency of �0.18%.

Experimental section

Fabrication of p-Si/TiO2/Fe2O3 csh-NWs
photocathodes

Wafer-scale vertically ordered Si NW arrays on p-type boron-
doped Si(100) wafers with resistivity of 1–20 Ω cm were
achieved using an aqueous Ag-assisted electroless etching
technique [34]. The etching time was 20 min resulting in a
NW length of �6.5 mm. The etched Si NW samples were
then dipped into buffered oxide etch (BOE) solution for
10 s to remove the native oxide layer, rinsed with deionized
(DI) water, dried with N2 gas, and transferred to atomic
layer deposition (ALD) chamber (Beneq TFS 200). A thin TiO2

shell, working as a seeding layer for the Fe2O3 nanorods
(NRs) growth, was then deposited on the Si NW substrates
using ALD deposition in thermal mode (thermal ALD) at a
temperature of 250 1C. The number of cycles was 568 giving
a thickness of �25 nm on flat Si substrate based on a growth
rate of 0.44 Å/cycle on Si(100) film substrate. The Fe2O3 NRs
were finally grown on the TiO2-coated Si NW trunks using a
hydrothermal growth technique [35,36]. Briefly, akaganeite
(β-FeOOH) NRs were first grown on the TiO2-coated Si NW
cores by immersing the sample in a 45 mL sealed Teflon
autoclave containing a 30 mL aqueous solution consisting of
0.15 M FeCl3 � 6H2O (Iron(III) chloride hexahydrate) (Sigma-
Aldrich, Z99%) and 1 M NaNO3 (sodium nitrate) (Sigma-
Aldrich, Z99.0%). The DI water resistivity and solution pH
were 17.6-17.7 MΩ-cm and �1.44, respectively. The hydro-
thermal reaction was carried out at a temperature of
�106 1C for 3 h. The sample was then rinsed cautiously
with DI water to remove the residues and dried with N2 gas.
Lastly, the Si/TiO2/FeOOH csh-NWs substrates were
annealed at 450 1C in air (denoted as Si/TiO2/A-Fe2O3 csh-
NWs) or under N2 atmosphere (denoted as Si/TiO2/N-Fe2O3

csh-NWs) for 1 h. The N2 flow during the annealing was
1000 scc/min. The growth of A-Fe2O3 and N-Fe2O3 NRs on
fluorine-doped tin oxide (FTO) substrates was also per-
formed in the same way as that mentioned for the csh-
NWs samples. Before the growth, the FTO substrate was
cleaned consecutively by sonication in acetone, isopropa-
nol, and DI water for 5 min each and finally rinsed with DI
water and dried with N2 flow.

Fabrication of p-Si/TiO2 core/shell NWs (cs-NWs)
samples

The cleaned Si NW samples (discussed above) were trans-
ferred to the ALD machine to deposit a thin TiO2 shell using
the thermal ALD at a temperature of 300 1C (Figures. S6 and
S7). The number of cycles was 682 giving a thickness of
�30 nm on the Si film substrate. Note that the ALD growth
rate is a little larger (not significant) at higher temperature
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of 300 1C, but we considered the same rate to calculate the
thickness. For the N2 annealed cs-NW samples, they were
annealed at a temperature of 450 1C for 1 h under a N2 flow
of 1000 scc/min, similar condition to that mentioned for the
Si/TiO2/N-Fe2O3 csh-NWs.

Fabrication of TiO2/TiO2 cs-NTs photoanodes

Highly ordered TiO2 NT arrays were prepared by an anodiza-
tion process in a two-electrode electrochemical bath. Ti foil
(99.5% purity, 0.25 mm thick, Alfa Aesar) and Ti mesh
(80 mesh woven from 0.13 mm dia wire, Alfa Aesar) (work-
ing electrode (WE)) were cleaned in a mild detergent,
rinsed with DI water and ultra-sonicated in acetone and
ethanol for 5 min in each solvent. Then, the Ti foil/Ti mesh
was immersed in 1:18:81 HF:HNO3:H2O (volume ratio) for
2 min, rinsed generously with DI water and ultra-sonicated
in DI water for another 5 min. They were then dried by N2

gas flow. A Pt foil was used as the counter electrode (CE).
The voltage was applied by a DC power supply (Agilent,
E3612A). A thin TiO2 NT array layer was produced by
anodizing the Ti foil/Ti mesh in a solution of ethylene glycol
(99.8%, JT Baker), containing 0.30% ammonium fluoride
(NH4F, 96%, Alfa Aesar) and 5% H2, for 3.5 h at 60 V. A thin
TiO2 shell was finally deposited on the TiO2 NTs using the
thermal ALD at a temperature of 300 1C for 454 cycle
numbers providing a thickness of �20 nm on the flat Si
substrate.

Characterization

The samples morphology was examined on a Philips XL30
field-emission environmental scanning electron microscope
(ESEM) at an accelerating voltage of 10.0 kV. Energy-
dispersive X-ray spectroscopy (EDS) and elemental mapping
analyses were used to examine the materials composition.
Crystal structures of samples were characterized using X-ray
diffraction (XRD) by a Bruker D2 Phaser X-ray diffractometer
with Cu Kα (λ=0.154 nm) as the radiation source.

PEC and IPCE measurements

To evaluate the samples performance, they were bonded to
coated Cu wire at the back using indium. For the Ti
substrates, indium was also used to provide ohmic contact
to Ti. The edges and backside of samples were sealed using
Hysol 1 C epoxy. For the mesh samples, only the contact
area and edges were covered with epoxy. Current density
measurements were performed in an aqueous solution of
0.25 M Na2SO4 buffered at pH=7.25 or 7.1 with Phosphate
Buffered Saline (PBS, Sigma) (DI water resistivity was 17.6–
17.7 or 18.2 MΩ-cm for pH=7.25 or 7.1, respectively)
(neutral pH water) with a three- or two-electrode setup.
The three-electrode setup includes sample as working
electrode (WE), Pt mesh/foil as counterelectrode (CE),
and Ag/AgCl (1 M KCl) as reference electrode (RE). The
two-electrode setup consists of sample as WE and Pt mesh/
foil as CE. A light power intensity of 100 mW/cm2 was tuned
at the samples position using a Newport solar simulator with
a xenon lamp equipped with a 1.5 AM filter. The current
density measurements were collected using a Digi-Ivy
potentiostat. A scan rate of 10 mV/s was used for the
current density measurements (linear sweep voltammetry
(LSV)). During the current density measurements, a mild
agitation was employed and the electrolyte was constantly
purged with a small flow of N2 gas. The applied potentials
versus Ag/AgCl RE were converted to the potentials versus
reversible hydrogen electrode (RHE) or normal hydrogen
electrode (NHE) using the Nernst equation. The current
densities here are calculated using the geometric areas. To
test the full PEC system, consisting of the csh-NWs photo-
cathode (set as WE) and the cs-NTs photoanode (set as CE)
in a two-electrode setup, samples were put next to each
other in a way that solar simulator can shine both samples.
A monochromator (iHR 550) equipped with the solar simu-
lator with the 1.5 AM filter as the light source was used to
carry out the spectral photoresponse and incident photon-
to-current efficiency (IPCE) measurements. The monochro-
matic light spectrum was calibrated by a silicon photodiode
(Newport 818-UV). Spectral photoresponse and IPCE mea-
surements were performed in the same three-electrode
setup and electrolyte (0.25 M Na2SO4 buffered at pH=7.25)
as used for the current density measurements with N2

purging but without using agitation during the tests.
The solar-to-hydrogen (STH) efficiency is calculated using

below equation considering 100% faradaic efficiency [1,37];

ηSTH %ð Þ ¼ 100Jop 1:23 Vð Þ
Pin

ð1Þ

where Jop is the photocurrent density of crossing point
between photocurrents of photocathode and photoanode,
and Pin is the incident light power density (mW/cm2) (which
is 100 mW/cm2 here). Note that we ignored any light
attenuation, which may come from the PEC setup, resulting
in not having exact 100 mW/cm2 on the sample surface. For
the PEC tandem cell (full PEC system), Jop is the photo-
current density at zero bias (short-circuit photocurrent
density).
Results and discussion

Figure 1 shows a schematic representation of fabrication
procedure for the photoelectrodes. Wafer-scale vertically
ordered p-Si NW arrays/cores using p-Si(100) wafer were
first fabricated using an aqueous Ag-assisted electroless
etching method, followed by coating of a thin ALD TiO2

layer served as a seeding layer for the β-FeOOH NRs growth,
and finally β-FeOOH NRs were grown on the TiO2-coated Si
NW backbones using hydrothermal growth method. The β-
FeOOH NRs were subsequently converted into the α-Fe2O3

NRs by annealing the samples at 450 1C in air (denoted as A-
Fe2O3) or under N2 atmosphere (denoted as N-Fe2O3) for 1 h.
The fabricated 3D array structure is denoted as p-Si/TiO2/A-
Fe2O3 and p-Si/TiO2/N-Fe2O3 csh-NWs for annealing in air
and under N2 environment, respectively. Highly ordered
TiO2 NT arrays on Ti foil/mesh were prepared by an
anodization process and subsequently, the TiO2 NTs were
coated with a thin ALD TiO2 layer to form TiO2/TiO2 cs-NTs.
A PEC tandem cell was made using the csh-NWs as photo-
cathode and the cs-NTs as photoanode.

Figure 2a–d shows scanning electron microscopy (SEM)
images of p-Si/TiO2/A-Fe2O3 csh-NWs. The Fe2O3 NRs are



Figure 2 (a,b) Top-view (different magnification) and (c,d) cross-sectional view (different magnification) SEM images of p-Si/TiO2/
A-Fe2O3 csh-NW array. Top-view SEM images of (e) bare TiO2 NTs and (f) TiO2/TiO2 cs-NTs. Tilted cross-sectional SEM images of
(g) bare TiO2 NTs and (h) TiO2/TiO2 cs-NTs. Note that the tilted angle for (g) and (h) is not the same. (i) XRD patterns of bare TiO2 NTs
and TiO2/TiO2 cs-NTs. All TiO2 NTs here are from those grown on Ti foil.

Figure 1 Schematic representation of fabrication procedure for the csh-NWs photocathode (top row) and the cs-NTs photoanode
(bottom row).
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polycrystalline (Figure 2a). Figure 2b shows that there are
spaces between the csh-NWs, coming from good spaces
between the etched Si NW cores (see Figure S1), in which
water molecules can easily penetrate for water splitting
reaction on the surface of csh-NWs. As shown in Figure 2c,
the growth of Fe2O3 NRs is uniform through the entire length
of tall Si NW backbones with �6.5 mm length (Figure S1)
due to uniform coverage of ALD TiO2 layer. The csh-NWs
growth is also uniform within the whole area of samples
(which can be evident by the low-magnification image in
Figure 2d) revealing the potential of scaling up the electro-
des. Note that we did not observe any significant morpho-
logical difference in the csh-NWs with A-Fe2O3 and N-Fe2O3

NRs suggesting that the N2 atmosphere did not significantly
change the csh-NWs morphology. Also p-Si/TiO2/A-Fe2O3

and p-Si/TiO2/N-Fe2O3 csh-NWs showed similar XRD pattern
indicating that there is no difference in their crystal
structure. The A-Fe2O3 and N-Fe2O3 NRs grown directly on
FTO substrate exhibit similar red color (see Figure S2),
evident of successful transformation of β-FeOOH to α-Fe2O3

for both cases, and this was also confirmed with the same
XRD pattern for both samples. The Si NW cores in the p-Si/
TiO2/A-Fe2O3 csh-NWs cannot be oxidized during the
annealing process under air because the TiO2 seeding layer
is totally uniform (see Supporting information) and trans-
mission electron microscopy (TEM) characterization on a
similar NW structure has shown no evidence of Si NW
oxidation [38]. Elemental mapping analysis shown in
Figure S3 confirms the materials composition of the csh-
NWs.

Figure 2e–h exhibits the SEM images of bare TiO2 NTs and
TiO2/TiO2 cs-NTs with an average top inner diameter of
97 nm and 57 nm, respectively. The TiO2 shell can cover the
entire length of long TiO2 NTs (see Figure 2g and h) due to
gas phase nature of ALD deposition. However, from the SEM
images, it was hard to realize uniform coating of ALD TiO2

for both inner and outer sidewalls of NTs along the whole
NTs length. The XRD analyses (Figure 2i) show similar
patterns for both bare TiO2 NTs and TiO2/TiO2 cs-NTs
revealing that both core and shell exhibit similar phase of
anatase.

Figure 3a shows the current density of bare p-Si NWs,
p-Si/TiO2/A-Fe2O3 csh-NWs, and p-Si/TiO2/N-Fe2O3 csh-NWs
using a three-electrode setup in which all the samples show
photocathodic behavior and there is no significant photo-
anodic current even at high biasing potentials of over



Figure 3 Current density under illumination of bare p-Si NW,
p-Si/TiO2/A-Fe2O3 csh-NW, and p-Si/TiO2/N-Fe2O3 csh-NW
arrays measured in the neutral pH water using (a) a three-
electrode and (b) a two-electrode PEC setups.
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+1.5 V versus RHE. The p-Si/TiO2/A-Fe2O3 csh-NWs offer
much higher photocathodic current and significant onset
potential shift toward positive potentials compared to the
bare p-Si NWs, leading to an onset potential of about
+0.38 V versus RHE, a photocurrent of about �0.4 mA/
cm2 at 0 V versus RHE (see Figure 3a), and a photocurrent of
about �0.43 mA/cm2 at the water reduction potential (see
Figure S4). Note that the onset potential is calculated when
the net photocurrent (light current – dark current) reaches a
value of �0.1 mA/cm2. The significantly enhanced photo-
cathodic performance is attributed to the increased reac-
tion surface area which is evident from the SEM images,
effective energy band alignment among p-Si, n-TiO2 and n-
Fe2O3 enhancing the charge separation (see Figure S5),
improved optical absorption [18,36], and increased gas
evolution coming from the 1D nature of our Fe2O3 NRs
[39]. The morphology and PEC performance of p-Si/TiO2 cs-
NWs are shown in Figures. S6 and S7 revealing the uniform
coating of ALD TiO2 shell and its contribution in the
enhanced performance. It is worth noting that the stability
of the Fe2O3-coated p-Si photocathodes has been investi-
gated elsewhere to rule out effect from Fe2O3 dissolution
which may contribute to the J–V measurements [38]. The
csh-NWs performance further improves by N2 annealing
(using N-Fe2O3 instead of A-Fe2O3) resulting in an onset
potential of about +0.46 V versus RHE, a photocurrent of
about �0.55 mA/cm2 at 0 V versus RHE (see Figure 3a), and
a photocurrent of about �0.61 mA/cm2 at the water
reduction potential (see Figure S4). The performance
improvement can be mainly due to superior conductivity
of Fe2O3 NRs [40,41] resulting in an enhanced collection
efficiency of photoexcited electrons. Annealing under N2

atmosphere can also enhance the conductivity of TiO2

seeding layer assisting the performance enhancement (see
Figure S7). However, annealing at 450 1C under the applied
N2 atmosphere condition may not change appreciably the
band gap of Fe2O3 (as can be deduced from the optical
images in Figure S2) or TiO2 (no noticeable color change was
observed after annealing). The N-Fe2O3 NRs grown on the
FTO substrate also showed improved photoanodic perfor-
mance than A-Fe2O3 NRs (data not shown here) further
confirming the improved conductivity which is consistent
with the reported observation elsewhere [40]. The current
density measurements of the corresponding samples using a
two-electrode PEC setup in Figure 3b exhibit similar trend
for photocurrents as that observed with a three-electrode
setup in Figure 3a. The p-Si/TiO2/N-Fe2O3 csh-NWs also
exhibit high IPCEs in a wide range (see Figure S8).

The achieved performance facilitates to obtain a full PEC
device for overall spontaneous solar water splitting in the
neutral pH water. To make the PEC tandem cell for overall
solar water splitting, we used TiO2 NT array as a model for
the photoanode since it can provide a low onset potential.
However, the bare TiO2 NT sample cannot provide a high
photoanodic current due to TiO2 poor properties [42,43],
and its onset potential needs to be further reduced. The
TiO2 NTs were then coated with a thin ALD TiO2 layer
forming TiO2/TiO2 cs-NTs to achieve a higher photoanodic
current (data not shown here). The enhanced photoanodic
current can be due to passivation of surface states [44,45]
and improved reaction surface area. The surface of ALD TiO2

coating is not smooth (see Figure S9) meaning that the shell
coating provides more junction area. As mentioned above,
both TiO2 core and shell are anatase phase, thus there is no
junction barrier between core and shell to block the charge
transfer. The photoanodic current of the TiO2/TiO2 cs-NTs
grown on Ti foil in the neutral pH water is shown in
Figure 4a along with the photocathodic current of p-Si/
TiO2/N-Fe2O3 csh-NWs to determine the crossing point
between the J–V curves. The photocurrents intersection is
at �0.42 V versus RHE with a photocurrent density of
�0.17 mA/cm2, resulting in a STH efficiency of �0.21%.
Using TiO2/TiO2 cs-NTs grown on Ti mesh instead of Ti foil,
the photoanodic performance improves (Figure 4a inset) in
which the photocurrents cross each other at �0.3 V versus
RHE with a photocurrent density of �0.3 mA/cm2 leading to
a STH efficiency of �0.37%, due to enhanced reaction
surface area coming from the mesh substrate. To illuminate
both sides of the mesh sample during the current density
measurement, the glass PEC cell was covered with a piece
of aluminum foil.



Figure 4 (a) Current density under illumination of TiO2/TiO2

cs-NTs (grown on foil) photoanode along with the current
density under illumination of p-Si/TiO2/N-Fe2O3 csh-NWs photo-
cathode measured in the neutral pH water. Note that in this
figure, the absolute value of current density for the csh-NWs is
plotted. Inset shows the zoomed-in currents of the correspond-
ing samples along with the current density under illumination of
TiO2/TiO2 cs-NTs grown on mesh. (b) Current density at dark
and under illumination of full PEC system, consisting of csh-NWs
photocathode and TiO2/TiO2 cs-NTs (grown on foil) photoanode,
tested in the neutral pH water.
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The achieved performances reveal the fact that the
developed photoelectrodes can run overall solar water
splitting. To figure out this feasibility, a full PEC system
made of these two photoelectrodes were tested in a way
that the csh-NWs photocathode was set as WE and the cs-
NTs (grown on Ti foil) photoanode was set as CE in a two-
electrode setup. The current density of full system is shown
in Figure 4b exhibiting the operation of full system in the
neutral pH water with a non-zero photocurrent density of
�0.15 mA/cm2 at zero bias, which leads to a STH efficiency
of �0.18%. Note that the photocurrent density of full
system at zero bias (�0.15 mA/cm2) is a little smaller than
the photocurrent density at the crossing point (�0.17 mA/
cm2) which results in a slightly lower efficiency. The
obtained performance is promising considering several
factors; (i) performance was assessed in a neutral solution
with a low morality of 0.25, (ii) all photoelectrodes were
fabricated using earth-abundant materials with cheap fab-
rication processes except for ALD which may be replaced
with another fabrication technique, and (iii) there is no
catalyst loaded on the electrodes. To obtain a high STH
efficiency in such a full system, a catalyst (preferably
bifunctional) working in neutral or near-neutral pH water
toward basic solution such as NiO [36,46,47] can be added
to both photoelectrodes. Additionally, a different or com-
posite photoanode material whose absorption is matched to
the solar spectrum, has a low onset potential, and is stable
can be used to substantially improve the STH efficiency
beyond that achieved in this study.

Conclusions

In summary, we demonstrated the fabrication and charac-
terization of a novel PEC tandem cell, consisting of p-Si/
TiO2/Fe2O3 csh-NW array photocathode and TiO2/TiO2 cs-NT
array photoanode, for overall solar water splitting in the
neutral pH water. The csh-NWs, made mostly from solution
growth methods, exhibited considerably improved photo-
cathodic performance in the neutral pH water with positive
onset potentials of about +0.38 V and +0.46 V versus RHE,
and photocurrents of about �0.4 mA/cm2 and �0.55 mA/
cm2 at 0 V versus RHE for the unmodified and N-modified
Fe2O3 NRs, respectively. The PEC tandem cell was finally
shown to handle overall solar neutral water splitting with a
STH efficiency of �0.18%. The obtained results reveal
promising potential of making PEC tandem cells using
earth-abundant materials with low cost processes for solar
hydrogen fuel production.
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