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ABSTRACT: Three-dimensional (3D) nanowire (NW) networks are promising for designing high-performance photoelectrochemical (PEC) electrodes owing to their long optical
path for eﬃcient light absorption, high-quality one-dimensional
conducting channels for rapid electronhole separation and
charge transportation, as well as high surface areas for fast
interfacial charge transfer and electrochemical reactions. By
growing titanium dioxide (TiO2) nanorods (NRs) uniformly on
dense Si NW array backbones, we demonstrated a novel threedimensional high-density heterogeneous NW architecture that
could enhance photoelectrochemical eﬃciency. A 3D NW
architecture consisting of 20 μm long wet-etched Si NWs and
dense TiO2 NRs yielded a photoelectrochemical eﬃciency of 2.1%, which is three times higher than that of TiO2 ﬁlm-Si NWs having
a coreshell structure. This result suggests that the 3D NW architecture is superior to straight NW arrays for PEC electrode design.
The eﬃciency could be further improved by optimizing the number of overcoating cycles and the length/density of NW backbones.
By implementing these 3D NW networks into electrode design, one may be able to advantageously impact PEC and photovoltaic
device performance.
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P

hotocatalyzed water splitting has received considerable attention as a clean, abundant and renewable strategy in which
to address both the energy crisis and environmental concerns
over the use of fossil fuels.18 Eﬃcient, stable, chemically inert,
low-cost, and nontoxic photoelectrochemical (PEC) electrodes
are essential to the success of water splitting.916 Light absorption, charge generation and separation, and the matching of
interfacial redox reactions represent the three most fundamental
aspects of problems we face in this arena.1724 A fast interfacial
charge transfer rate and suppressed electronhole recombination are greatly desired.2527 Promising solutions for eﬃcient
solar-to-chemical energy conversion include avoiding charge
trapping on semiconductor surfaces, increasing semiconductor-electrolyte interfacial area, and enhancing the capability for instantaneous charge collection, separation, and
transport.9,12,17,20,28,29 Therefore, three-dimensional (3D)
nanowire (NW) networks may represent ideal architectures
for high-performance PEC electrodes. High-density treelike
branched NW arrays provide a type of architecture that could
oﬀer long optical paths for eﬃcient light absorption, highquality one-dimensional (1D) conducting channels for rapid
electronhole separation and charge transport, as well as
high surface areas for fast interfacial charge transfer and
electrochemical reactions.4,17 In this paper, we report on
the development of a 3D high-density heterogeneous NW
architecture by growing titanium dioxide (TiO2) nanorods
r 2011 American Chemical Society

(NRs) uniformly on dense Si NW array backbones using our
surface-reaction-limited pulsed chemical vapor deposition
(SPCVD) technique.30,31 Dramatic increases of photocurrent
and photoelectrochemcial eﬃciency were obtained when the
3D NW architectures were applied as PEC anodes.
Fabrication of 3D TiO2 NR-Si NW architecture is schematically illustrated in Figure 1a. First, vertical Si NW arrays were
prepared by selectively etching a heavily doped n-type Si
substrate. Second, high density TiO2 NRs were uniformly grown
around the Si NWs via the SPCVD process. Lastly, an additional
thin ﬁlm of anatase TiO2 was coated on the NR-NW heterostructure by atomic layer deposition (ALD) to completely cover
Si NW surfaces. As schematically shown in Figure 1b, when this
heterogeneous structure is used as a PEC anode for water splitting,
photocatalyzed H2O oxidation reactions would only occur on the
TiO2 surfaces. In principle, the photogenerated electrons should
quickly be transported through the Si NW backbone and reach
the counter electrode with minimal losses owing to the high
conductivity of Si NWs and isolation from electrolyte.20,28 The
very large surface area provided by the TiO2 NR arrays together
with the high-speed electron transport channels provided by the
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Figure 1. (a) Schematic procedures for making treelike TiO2 NR-Si NW 3D architectures. (b) Schematic illustration of using TiO2 NR-Si NW
heterostructure as PEC anode for water splitting reactions.

Si NWs are promising features that could lead to a signiﬁcant
improvement of photoelectrochemical eﬃciency.
Driven by this rationale, Si NW backbones were ﬁrst fabricated
by deep reactive ion etching (RIE) technique using a selfassembled nanosphere monolayer as mask (the fabrication details are included in Supporting Information).32,33 N-type Si
wafer (0.0010.005 Ωcm) was used to fabricate NWs to ensure
good electrical conductivity. The typical size of as-fabricated Si
NWs were ∼300 nm in diameter, ∼15 μm long, and ∼200 nm
apart from each other (inset of Figure 1a). After 600 cycles of
SPCVD growth (see Supporting Information for experimental
details), uniform TiO2 NRs were deposited on the entire Si NW
surface. Figure 2a shows a top-view scanning electron microscopy (SEM) image of as-grown TiO2 NRs that illustrate this
feature. The NRs exhibited uniform dimensions that are 35 (
5 nm in diameter and 252 ( 37 nm in length. All the Si NWs
remained straight and no agglomeration was observed after TiO2
NR growth (Figure 2b). Figure 2c,d shows SEM images taken at
the middle and bottom regions of the cross-section, respectively,
showing a uniform and dense coverage of TiO2 NRs. This is a
typical growth result across the entire sample and it provides
evidence that a very large quantity of uniform-sized TiO2 NRs
can be grown on all possible surfaces despite the extremely
narrow and deep spaces left in between Si NWs.
Consistent with our previous research, the as-deposited TiO2
NRs exhibited pure anatase phase character as identiﬁed by
X-ray diﬀraction (XRD) (Supporting Information Figure S1). All
the NRs were single crystals rooted on the surface of Si NWs
(Supporting Information Figure S2a). Selective area electron
diﬀraction (SAED) (Supporting Information Figure S2b) further
conﬁrmed that the single-crystalline anatase structure and
growth/surface arrangements were identical to the TiO2 NRs
grown in anodic aluminum oxide (AAO) templates.30 This observation suggests that the supporting surfaces/substrates have
negligible inﬂuence on the crystal structure and orientations of
TiO2 NRs.
As we reported previously, the growth of TiO2 NRs was
dictated by surface adsorption and reactions in which the partial
pressure of TiCl4 precursor played an important role. Speciﬁcally, when the partial pressure of TiCl4 was too high, surplus
supply of precursor diminishes the diﬀerence of adsorption and
surface chemical reaction rates on diﬀerent crystal facets of TiO2,
thereby rendering an isotropic nanoparticle growth. When the
precursor supply was reduced to an appropriate level, the growth
rate of the TiO2 (001) plane became distinctly faster and thus the

crystal growth transformed to an anisotropic mode and NR
morphology was received. This growth behavior observed in
AAO channels also applies to the Si NW matrix. To better
generalize these growth patterns, here we use pressure change
(ΔP) upon 500 ms precursor pulsing (500 ms is the ﬁxed pulsing
time and ΔP is the pressure diﬀerence of chamber before and
after ALD valve is on) to describe the morphology-precursor
supply relationship. Nine diﬀerent ΔP of TiCl4 precursor were
examined ranging from 20 to 1000 millitorr, while all the other
growth parameters remained constant (500 ms pulsing time, 600
SPCVD cycles, and 600 °C). Here, ΔP was adjusted by regulating
the temperature of TiCl 4 precursor. Figure 3 illustrates the
change of morphology in TiO 2 NRs as a function of ΔP of
TiCl4. When the ΔP was as low as 20 millitorr, TiO2 NRs could
not fully evolve and both the diameter and aspect ratio of the NRs
were small (left inset of Figure 3). When ΔP was above ∼160
millitorr, large crystallites were obtained indicating a superﬂuous
supply of precursors (right inset of Figure 3). The appropriate
ΔP was found between 60 to 140 millitorr as indicated by the
light green zone in Figure 3. In this region, aspect ratio as high as
9 was achieved when the ΔP was 120 millitorr (central inset of
Figure 3), demonstrating the ideal conditions for TiO2 NRs growing in
a high-density Si NW forest.
Dry-etched Si NWs oﬀered a good template in which to study
the growth behavior of TiO2 NRs on Si surfaces. However, their
fabrication procedures are relatively complicated and costly. In
order to further apply this technique to applicable PEC electrode
design on a large scale, wet-etched Si NW arrays were used for
growing these NRs. In this case, Si NWs were fabricated using the
same heavily doped Si wafer by the metal-assisted wet-etching
technique (see Supporting Information for experimental details).20
This technique can produce vertical Si NW arrays with higher
density, smaller size, and a larger aspect ratio compared to the dryetching technique (Supporting Information Figure S3). However,
one should caution that assemblages or bundles of NW tips always
exist due to the capillary force from etchant solution.
Under the optimized SPCVD condition (ΔP was 120 millitorr
with 500 ms pulsing time), high-density TiO2 NRs having
uniform dimensions were successfully deposited on the wetetched Si NWs. Figure 4a is a planar view of a wet-etched Si NW
forest after the growth of these NRs. Tip bundling can be clearly
observed. Closer examination showed that the Si NWs were very
thin and exhibited irregular cross sections as highlighted by
yellow dashed circles in the inset of Figure 4a. While the open
spaces left within the bundling area were very small, the TiO2
3414
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Figure 2. TiO2 NRs grown on vertical Si NW arrays fabricated by dry etching. (a) Top view of Si NWs uniformly covered with high-density TiO2 NRs
that grew laterally out of the side surfaces. Inset is an SEM image of the Si NWs fabricated by deep RIE using nanosphere monolayer as a mask. (b) Crosssection of TiO2 NRs-coated Si NW arrays, where the lengths of Si NWs were ∼15 μm. (c,d) The middle and bottom portions of Si NWs showing dense
and uniform coating of TiO2 NRs along the entire NW length.

NRs could be found ﬁlling all these spaces. These TiO2 NRs are
30 ( 6 nm in diameter and 243 ( 31 nm in length statistically.
Figure 4b shows that the Si NWs were ∼25 μm in length, where
the top portions (a few μm long) were bundled together. Below
the bundles, Si NWs are evenly distributed providing a good
template for conformal NRs growth. Higher-magniﬁcation SEM
images acquired along the length direction of the Si NWs forest
conﬁrmed the dense and uniform coverage of these NRs. Figure 4c,d
are two representative images indicating the density and dimensions of TiO2 NRs were nearly identical at the middle and bottom
regions. The NRs grew out laterally from the Si NWs and ﬁlled
out the interspaces. Thus, considerably large surface area and
high porosity were created by such a 3D architecture.
Undoped TiO2 by vapor deposition usually appears n-type
semiconductor due to intrinsic defects such as O vacancies and/or

Ti interstitials.34,35 When in contact with n-type Si, the band
structure of TiO2 will likely be reconﬁgured. The predicted
equilibrium band alignment is schematically shown in Figure 5a.
An electron accumulation region and a hole accumulation region
are expected to appear on the TiO2 and Si sides of the interface.20,28
Upon illumination, electronhole pairs can be generated in both
TiO2 and Si. The TiO2 NRs or polycrystalline ﬁlms only absorb
light below 420 nm (Supporting Information Figure S4). Thus,
most visible light is still available for Si to absorb. Preferable band
bending between TiO2 and electrolyte directs photogenerated
holes in TiO2 toward the TiO2/electrolyte interface that in turn
oxidize OH ions in solution into O2. Meanwhile, photogenerated
electrons in Si ﬂow to the counter electrode for H2O reduction.
The charge accumulation regions at the TiO2/Si interface attract
photogenerated electrons from TiO2 and holes from Si. Thus,
3415
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Figure 3. Plot of TiO2 NR diameter and aspect ratio versus pressure
ﬂuctuation of TiCl4 precursor. The light green zone between two dashed
lines presents the optimal pressure change for growing TiO2 NRs inside
Si NW forests. Representative morphologies of TiO2 nanocrystals grown
with under-exposure, proper-exposure, and overexposure of TiCl4 precursor are shown in the left, middle, and right insets, respectively.

quick recombination of these charge carriers at the interface
completes the charge ﬂow circuit. It is believed that n-TiO2/n-Si
band alignment is beneﬁcial for electronhole separation in
TiO2 and would contribute to the enhancement of photoanodic
current.20,28 Furthermore, greatly increased surface area of NRs
of TiO2 should help to ensure eﬃcient collection of photoenergy
and boost the performance of PEC cells.
Prior to applying the TiO2 NR-Si NW architecture to PEC
system, an additional layer of anatase TiO2 polycrystalline thin ﬁlm
was deposited by ALD (typically 250400 cycles) to completely
cover the Si surfaces and prevent the contact between Si and
electrolyte. Furthermore, in order to provide for a comparison in
performance, a reference sample was produced by coating an asfabricated wet-etched Si NWs with a thin ﬁlm of anatase TiO2 via
ALD. The deposition temperature was 300 °C and SEM observation showed that the polycrystalline ﬁlm had grain sizes ranging
from ∼10 to 50 nm (see Supporting Information Figure S5).
PEC characterizations were performed in a 1 M KOH electrolyte using a typically three-electrode electrochemical cell conﬁguration. The schematic setup is shown in Supporting Information Figure S6. TiO2 NR-Si NW 3D architectures or TiO2 ﬁlm-Si
NWs heterostructures (for comparison) were used as the working electrode; Pt wire served as the counter electrode; and a
saturated calomel electrode (SCE) was used as the reference electrode. All three electrodes were immersed in a Teﬂon cell on
which a quartz window was installed for light illumination. N2
gas was purged through the cell during the measurement to
instantaneously ﬂush away O2 from the working electrode and
H2 from the counter electrode. A light source with intensity of
100 mW/cm2 was provided by a 500 W Hg (Xe) arc lamp (Oriel,
66142). A liquid water ﬁlter (Oriel, 6123NS) was applied to
eliminate the IR light heating eﬀect on electrolyte.
A typical plot of photocurrent density versus bias potential is
shown in Figure 5b. It was taken from a 10 μm long dry-etched Si
NW sample covered with TiO2 NRs plus an additional 375-cycle
TiO2 overcoating. Interrupted illumination was applied to
demonstrate the instant dark current and photocurrent density. The dark current density remained at a very low level
(<102 mA/cm2) under bias potentials between 1.2 and 0.5 V
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(vs SCE) indicating the high quality of the crystal surfaces of
TiO2. From the plot, three regions can be clearly identiﬁed:
a plateau of photocurrent density at bias potentials >-0.7 V
(vs SCE) corresponding to the saturation of photogenerated
holes; an inclining photocurrent density region at bias potentials
ranging from 1.0 (the open circuit voltage, VOC) to 0.7 V
(vs SCE); and a zero photocurrent density region where the
negative bias potential (<1.0 V (vs SCE)) was close to that of
the ﬂat band penitential. The JE curve exhibited a ﬁll factor of
0.54 and short circuit current density (JSC) of 1.14 mA/cm2,
which demonstrated good charge transport properties and
interfacial reaction chemistries of these 3D TiO2 NR-Si NW
anodes. All the photocurrent was contributed by the TiO2 NRs
due to their complete coverage on Si NWs, as shown by the
incident photon to charge carrier eﬃciency (IPCE) curve, where
the cutoﬀ wavelength of IPCE was found well aligned with the
TiO2 absorption edge at ∼420 nm (Supporting Information
Figure S7).
To further demonstrate the merits of the 3D NW networks as
PEC anodes, performance of three TiO2Si NW-based conﬁgurations were characterized and compared. They are wet-etched
Si NWs with TiO2 NRs, dry-etched Si NWs with TiO2 NRs, and
wet-etched Si NWs coated with a 375-cycle TiO2 ﬁlm. Both TiO2
NR-Si NW samples were further overcoated with an additional
375-cycle TiO2 ﬁlm. All the Si NW templates were 10 μm long.
Figure 5c shows the photocurrent density of these three samples
as functions of the bias potential. The three plots followed the
same trend and exhibited the same VOC, while JSC of these
samples were dramatically diﬀerent. The TiO2 thin-ﬁlmcoated Si NWs produced a JSC of ∼0.66 mA/cm2, which is
comparable to the value reported by others.20 Both NRscoated samples exhibited signiﬁcantly higher JSC owing to
their larger surface areas. Because the density of wet-etched Si
NWs was higher than that of dry-etched Si NWs, it yielded the
highest JSC (∼1.43 mA/cm2), which was more than twice of
what was produced by the thin-ﬁlm-coated sample.
Photoelectrochemical eﬃciencies were also evaluated via the
equation


100
ηðphotoÞ% ¼ jp ðE0rev  jEbias  Eaoc jÞ
I0
where jp is the photocurrent density, E0rev is the standard statereversible potential (1.23 V for water-splitting reaction), Ebias is
the bias potential at which jp is measured, and Eaoc is the bias
potential at open circuit (1.0 V when SCE and 1 M KOH
electrolyte are applied). The calculated eﬃciencies of the TiO2
ﬁlm-wet-etched-Si NW sample were plotted as a function of
biasing potential (Supporting Information Figure S8), where the
maximum eﬃciency (0.42%) was identiﬁed at ∼0.65 V of bias.
Through this method, eﬃciencies of NRs-wet-etched-NWs and
NRs-dry-etched-NWs were found to be 0.86 and 0.70%, respectively (Supporting Information Figure S8). Although the absolute values were not signiﬁcantly high, they were already 105 and
67% higher than the coreshell NW conﬁguration. This result
suggests that the surface area of TiO2 likely played a signiﬁcant
role in improving the photocatalyzed water splitting eﬃciency.
Dependence of photocurrent density on the length of Si NW
backbones is shown in Figure 6a. Here, 1.5, 10, and 20 μm long Si
NW-based 3D architectures were prepared followed by 375-cycle
TiO2 overcoating. Longer Si NW-based 3D structure provided
higher photocurrent density. It should be noted that current
3416
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Figure 4. TiO2 NRs grown on vertical Si NW arrays fabricated by wet etching. (a) Top view of Si NWs after TiO2 NR growth. Bundling of NW tips was
due to capillary attraction during wet etching. Inset is a higher-magniﬁcation SEM image showing TiO2 NRs growing laterally around Si NWs. (b) Crosssection of vertical Si NW arrays covered with TiO2 NRs. The Si NWs are ∼25 μm long and the top ∼5 μm region was bundled together. (c,d) The
middle and bottom portions of Si NWs showing dense and uniform coverage of TiO2 NRs along the entire NW length.

density per unit length of 10 and 20 μm Si NWs was lower
than that of the 1.5 μm sample, although the size and density
distribution of the TiO2 NRs was nearly identical. This nonlinear
increase of photocurrent is possibly related to the diﬃculty of
removing O2 from deep inside the 3D NW forest. Eﬃciency
calculations showed that the 20 μm sample had a three times
higher eﬃciency than the 1.5 μm one suggesting the performance
enhancement resulted from an increase of surface area (Table 1).
TiO2 overcoating was a necessary treatment in order to isolate
Si from the electrolyte and achieve a stable PEC anode. However,
one should caution that the overcoating thickness might also
alter PEC performance. To demonstrate the overcoating inﬂuence, 250 and 375 ALD cycles of overcoating were applied to
TiO2 NRs-covered wet-etched Si NW arrays with two diﬀerent
lengths (10 and 20 μm). Figure 6b illustrates the corresponding

JE curves of these four diﬀerent samples. The sample conditions, JSC, and eﬃciencies (derived from Supporting Information
Figure S8) are also summarized in Table 1. It was found that the
sample with the 250-cycle overcoating produced higher photocurrent than the ones with a 375-cycle of overcoating. The highest
eﬃciency (2.1%) was identiﬁed from the 20 μm sample with the
250-cycle overcoating. This is a competitive value as compared to
other TiO2-based PEC anodes.4,10,14,20,22,23,25,26,28,29,36,37
In order to provide a visual interpretation for these performance changes, the morphology of the overcoatings was investigated by SEM. As shown in Figure 6c,d, diameters of the TiO2
NRs were nearly unaﬀected after overcoating. However, the
observable lengths of the NRs were clearly shortened when the
overcoating cycles increased from 250 to 375 (Figure 6c, d). This
observation suggests that the 300 °C TiO2 ALD did not provide a
3417
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Figure 5. PEC performance of TiO2 NR-Si NW heterostructures. (a) Schematic band diagram of an n-TiO2/n-Si heterjunction and corresponding
charge transfer when applied as a PEC anode. (b) JE curve of TiO2 NR on 10 μm dry-etched Si NW under interrupted illumination. (c) JE curves and
dark currents of diﬀerent TiO2Si NW conﬁgurations showing enhanced PEC performance by introducing high-density TiO2 NR branches.

Figure 6. PEC performance analysis of 3D TiO2 NR-Si NW architectures. (a) Si NW length-dependent photocurrent densities and dark currents, where
TiO2 NRs from these three samples were grown under the same condition exhibiting the same size and density distribution, and all samples were
overcoated by additional 375 cycles of TiO2 ALD at 300 °C. (b) JE curves and dark currents of TiO2 NR-Si NW PEC anodes with diﬀerent lengths and
overcoating cycles. (c,d) SEM images of TiO2 NR-Si NW structures after 250 and 375 cycles ALD overcoating, respectively. More overcoating cycles
buried more TiO2 NRs in the TiO2 ﬁlm.

conformal coating over all surfaces but rather a deposition around
the roots of TiO2 NRs and on the exposed surfaces of Si NWs.
Therefore, the direct consequence of increasing overcoating cycles
was to “bury” more NRs in the TiO2 ﬁlm and decrease the overall
surface area of TiO2 crystals. Another possible reason for changes
in performance with respect to overcoatings could be the shrinkage
of porosity of the 3D structure. Thick coatings around the NWs
signiﬁcantly reduce the open space in the NWNR 3D structure.

This would likely hinder the release of O2 and impede the PEC
reactions of OH oxidation.
In conclusion, we have developed a high-density 3D hierarchical NW architecture for eﬃcient PEC electrodes. The TiO2
NRs-Si NWs network structure oﬀers large surface areas, good
charge transport properties, and large porosities. A 2.1% photoelectrochemical eﬃciency was obtained from such a 3D NW
architecture, which is three times higher than that of TiO2 ﬁlm-Si
3418
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Table 1. Summary of Photocurrent Density and Photoelectrochemical Eﬃciency of TiO2Si Heterostructures
length

TiO2

overcoating

Jsc

η

(μm)

NRs

cycles

(mA/cm2)

(%)

wet-etched
wet-etched

20
10

yes
yes

250
250

3.64
2.62

2.10
1.47

wet-etched

20

yes

375

2.08

1.20

wet-etched

10

yes

375

1.43

0.86

dry-etched

10

yes

375

1.07

0.70

yes

375

0.51

0.32

no

375

0.66

0.42

type of Si NWs

wet-etched
wet-etched

1.5
10

NWs coreshell structure. This comparison suggests that the 3D
NW architecture is likely superior to straight NW arrays for PEC
electrode design. The eﬃciency could be further improved by
optimizing the number of overcoating cycles and the length/
density of NW backbones. We are also aware that although
the heterojunction between n-TiO2 and n-Si is favorable for
electronhole separation, this conﬁguration requires the absorption of an additional photon to complete one redox reaction,
as evidenced by the ∼50% IPCE near the absorption edge
(Supporting Information Figure S7). This could be an ultimate
limit for improvement with respect to eﬃciencies. This limitation
might be solved by selecting metallic 1D backbones to replace Si
NWs and is not in conﬂict with the merits of the 3D NW architectures
we have demonstrated in this paper. This technique opens a new
avenue toward high-performance electrodes using high-density 3D
NW networks and could show substantial impacts on PEC and
photovoltaic devices design and improvement.
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