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ABSTRACT: Surface-reaction-limited pulsed chemical vapor deposition (SPCVD) is able to create 3D TiO2-based hierarchical
nanowire (NW) architecture with superhigh surface area and good electronic transport properties for high-performance
photoelectrode development. However, how to intentionally dope the nanorods (NRs) through the SPCVD process to improve
their electronic properties and light absorption behavior is still unexplored. In this paper, a comprehensive study of doping TiO2
NRs with nitrogen through the SPCVD technique is reported for the ﬁrst time. The high-density nitrogen doped TiO2 NR
branches with controlled doping concentrations were synthesized on dense Si NW forest by introducing designed number of
TiN cycles to TiO2 growth cycles. Microscopic studies revealed the inﬂuence of nitrogen doping on the crystal growth behavior
and NR morphology, as well as the elements distribution inside the lattices. Nitrogen doping lowered the band gap of TiO2 NRs
and eﬀectively activated visible light photoactivity. It also largely improved the incident-photon-to-current-conversion eﬃciency
in the UV range. Successful synthesis of N doped TiO2 NRs by the SPCVD method introduces a strong new capability to this
novel and powerful 3D NR growth technique. It enables composition and optoelectronic property control of the novel 3D NR
structures, allowing performance enhancement or creating new functionality.
oxygen, small ionization energy, and good stability.23,24
Nitrogen doped TiO2 has been created via a variety of methods
and demonstrated eﬃcient visible light absorption up to 600
nm,16 which largely enhanced photoelectrochemical water
splitting performance,25 and suppressed the reduction of I3−
on the TiO2 electrode in dye-sensitized solar cells (DSSC).26
Incorporating cations, such as V, Cr, Mn, Fe, and Ni, into the
TiO2 lattice has also been found practical for band gap
narrowing.27,28 The transition metal dopants can introduce
intraband discrete states near the edges of conduction band
(CB) or valence band (VB), leading to visible light absorption
with sub-band-gap energies.24,29,30 In addition, hydrogen has
also been found as an eﬀective dopant that enabled visible and
infrared light absorption in TiO2. The dopant induced a highly
disordered layer on the nanocrystals surface, which yields mid-

1. INTRODUCTION
Titanium dioxide (TiO2) is a widely used multifunctional
material due to its superior stability and physical−chemical
properties, as well as its great accessibility and moderate cost.1
Owing to the intriguing discovery of the photocatalytic
properties on TiO2 in the early 1970s,2 TiO2 quickly attracted
tremendous research interest in its applications on environmental remediation, hydrogen generation, and solar energy
harvesting.3−8 One critical limitation of its application in solar
energy harvesting is its large band gap (∼3.0−3.2 eV) which
excludes it from absorbing the majority of solar energy within
the visible light range.8−10 Tailoring the band structure by
doping has been broadly investigated as a common strategy to
address this challenge.9,11−13 Anion doping (e.g., C, S, N, F, B,
and P) has been intensively studied as an eﬀective approach to
narrow the band gap by introducing new p-states near the
valence band or hybridizing the O 2p states to lift the valence
band edge.4,14−22 Among all the anion candidates, nitrogen is a
promising dopant due to its comparable atomic size with
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increased from 1:80 to 1:1 to achieve for diﬀerent N
concentrations (A2−A7). The undoped TiO2 NRs branches
(A1) for comparison were prepared by the same SPCVD
process with only TiCl4/H2O cycles. The total number of
TiCl4/H2O cycles for each sample (A1−A7) was kept at 400.
Compositions and Structures Characterizations. X-ray
photoelectron spectroscopy (Thermo Fisher Scientiﬁc Inc.,
Waltham, MA) was applied to characterize the chemical
compositions of all nitrogen doped TiO2 NR samples. The
survey binding energy range is from 0 to 1350 eV. The N 1s, O
1s, and Ti 2p spectra were measured for characterizing the
dopant concentrations and chemical structure variations. The
density of states (DOS) of the valence band maximum proﬁle
was also characterized by the XPS spectra. Both TEM and
EELS combined with STEM were performed on highly doped
sample A6 and lightly doped sample A2. EDS analysis was
conducted during SEM analysis.
Photoanode Setup and Photoactivity Characterizations. All nitrogen doped and undoped TiO2 NR samples were
immersed into the dilute HF and HCl to remove the oxidized
Si and contaminations on the surface. Then 200 cycles of ALD
anatase TiO2 overcoating were conducted at 300 °C to protect
the entire sample surfaces. These samples were then covered by
epoxy, leaving an average exposed active area of ∼0.22 mm2 as
the photoanodes. PEC characterizations were performed in 1
mol L−1 KOH (pH = 14) aqueous solution using a threeelectrode electrochemical cell conﬁguration. A saturated
calomel electrode (SCE) was used as the reference electrode,
and a Pt wire was used as the counter electrode. All electrodes
were connected to a potentiostat system (Metrohm Inc.,
Riverview, FL) for J−V measurements. Light illumination was
provided by a 150 W Xe arc lamp (Newport Corporation,
Irvine, CA), and the intensity at the PEC anode position was
adjusted to be 100 mW cm−2. An AM 1.5G ﬁlter and a UV cutoﬀ ﬁlter were also utilized with the lamp for PEC characterizations. A monochromator was used on Xe lamp source to
obtain the monochromatic illuminations for IPCE characterizations with the wavelength ranging from 300 to 700 nm. UV−
vis absorption spectra were measured by a UV/vis/NIR
spectrometer (Jasco, Easton, MD) within the wavelength
range of 300−700 nm.

gap states for optical excitation/relaxation and provides
trapping sites for photoexcited charges to reduce rapid
recombination.31 In order to circumvent the impurity-related
charge separation and transport issue found in single element
doped TiO2,27,32 a donor−acceptor co-doping concept has
been proposed. For example, density functional theory
calculations suggested that (W,C), (Mo,C), (Ta,N), (Nb,N),
(W,2N), and (Mo,2N) donor−acceptor pairs are good codoping candidates, which can shift both CB and VB edges of
TiO2 and signiﬁcantly narrow its band gap.9,33,34 Nevertheless,
only a few successful developments were reported on co-doped
TiO2 because of the complexity in element and crystal structure
control during the synthesis.9 So far, various solution-based,
vapor-based, and ex situ growth techniques have been applied
to the synthesis of doped TiO2 nanostructures. However, how
to control dopant concentration and distribution and how the
doping elements inﬂuence the morphology and crystal structure
of the host materials are inadequately understood. Such
understandings are particularly critical for engineering the
properties of TiO2 nanostructures and thereby further advance
the performance of TiO2-nanomaterials-based solar energy
harvesters.9,10,12,16−20
Among all TiO2 nanostructure growth techniques, surfacereaction-limited pulsed chemical vapor deposition (SPCVD) is
a powerful 1D nanostructure growth technique that has been
developed in our lab recently. It mimics the process of atomic
layer deposition (ALD) and oﬀers a unique capability for
growing high-density nanorod (NR) branches inside highly
conﬁned spaces. This technique realizes a 3D hierarchical
nanowire (NW) architecture with superhigh surface area
density (total surface area/projected substrate area of >1000)
and good electronic transport properties. Our recent research
revealed several important growth phenomena in this unique
anisotropic crystal growth process for morphology and
composition control, including the oriented attachment
principle,8 the Ostwald−Lussac law,35 and the Kekendall
eﬀect.36 However, how to intentionally dope the NRs through
this process is still unexplored, though it is a critical aspect for
controlling the electronic properties and improving the
performance. In this paper, we report a comprehensive study
of doping TiO2 NRs with nitrogen through the SPCVD
technique. Nitrogen doping was achieved by introducing
designed number of TiN cycles to TiO2 growth cycles. For
the ﬁrst time, we successfully synthesized high-density nitrogen
doped TiO2 NR branches with controlled doping concentrations on dense Si NW forest. Microscopic studies were
performed to reveal the inﬂuence of nitrogen dopant to the
crystal growth behavior and NR morphology, as well as the
element’s distribution inside the lattices. We also demonstrated
that the nitrogen doping lowered the band gap of TiO2 NRs
and eﬀectively activated photoelectrochemical (PEC) reactions
in the visible light range.

3. RESULTS AND DISCUSSION
Figure 1a and Figure 1b show a typical morphology of assynthesized nitrogen doped TiO2 NRs on Si NW hierarchical
structures measured by scanning electron microscopy (SEM).
The top-view image presents dense nitrogen doped TiO2 NRs
branching from Si NW bundles and protruding outward radially
(Figure 1a). Higher magniﬁcation image reveals that the
approximate dimensions of the as-fabricated NRs were ∼130
nm in length and ∼25 nm in diameter (inset of Figure 1a).
Same as the regular SPCVD result, the TiO2 NRs were
uniformly distributed along the entire side surfaces of the Si
NWs that were 12 μm in length and only ∼100−200 nm apart
from each other (Figure 1b). The zoom-in view clearly shows
TiO2 NRs had the rectangular prism shape, which were all
rooted on the Si surfaces (inset of Figure 1b).
The average N concentrations were initially quantiﬁed by
energy-dispersive X-ray spectroscopy (EDS). The N signal was
observed from all nitrogen doped samples (Figure S1a in
Supporting Information and inset) but absent from the
undoped one (Figure S1b and inset). Table S1 summarizes
the amounts of N dopant corresponding to the doping ratio,

2. EXPERIMENTAL SECTION
Synthesis of Nitrogen Doped TiO2 Branched Nanorods Architecture. Highly orientated Si NWs arrays were
fabricated on n-type Si wafer by the reported metal assisted
electroless chemical etching method.5 The etchant solution was
a 40 mL mixture of 0.02 M AgNO3 and 5 M HF. The Si NWs
arrays were cleaned by DI water and dried by N2 gas and then
transferred into our home-built ALD reaction chamber. In the
SPCVD process for synthesizing nitrogen doped TiO2 NRs
branches, deposition cycle ratio of the NH3/H2O (X:Y)
B
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found that the unique anisotropic crystal growth behavior of
TiO2 is enabled by the formation and migration of metastable
amorphous−crystalline mix-phased nanoparticles (NPs) via the
principle of vapor-phase oriented attachment.35 We therefore
reckon that the deposition of TiN had signiﬁcantly hindered
the aggregation and migration of the metastable NPs and thus
suppressed the NR length growth. The NR width growth rate,
however, signiﬁcantly increased from ∼0.45 to 0.84 Å/cycle
when the NH3 precursor ratio was raised from1:20 to 1:1. This
also indirectly indicates the immobilization of the metastable
NPs, which stay at the side surfaces and induce faster width
growth. Nevertheless, it appears that lower NH3 ratio (<1:20)
can reduce the width growth rate as well. Therefore, the aspect
ratios of all samples followed a parabola-like curve as shown in
Figure 1d. The maximum aspect ratio was 7.4 from sample A4,
which had a NH3 precursor ratio of 1:20. In general, low
doping concentration has minimal eﬀect on the TiO2 NR’s
growth rate and morphology, while high doping concentration
could jeopardize the anisotropic crystal growth and form more
particle-like nanoscrystals.
The elemental characteristic of nitrogen doped TiO2 NRs
was further studied by X-ray photoelectron spectroscopy (XPS)
as shown in Figure 2. The N 1s peaks could be identiﬁed from

Figure 1. Top view (a) and cross-section view (b) of high-density
nitrogen doped TiO2 NRs on Si NW arrays. Insets are higher
magniﬁcation SEM images showing the morphology of nitrogen doped
TiO2 NRs branches. (c) Plots of NR length (square symbol) and
diameter (diamond symbol) as a function of nitrogen doping ratio. (d)
Plots of aspect ratio of NRs as a function of nitrogen doping ratio.

which was controlled by the ratio of NH3 cycle to H2O cycle
(X:Y). It showed a very good correlation between N traces and
expected level of nitrogen doping. In particular, A6 (X:Y = 1:5)
had the highest N doping concentration (∼2.28%) while A2
(X:Y = 1:80) only had 0.82% N. Sample A7 (X:Y = 1:1)
exhibited a slightly lower N concentration compared to A6,
although it had the most NH3 cycles. This is possibly because
too high an NH3 precursor ratio might lead to more TiN
growth cycles, which typically reduces the incorporation rate of
N elements into the lattice.37
The nitrogen doping eﬀect to the TiO2 NR morphology was
investigated from samples grown under diﬀerent doping ratios
(Figure S2a−g). Samples A1−A7 represent undoped (A1) and
doped TiO2 NRs (A2−A7) with six X:Y values of 1:80, 1:40,
1:20, 1:10, 1:5, and 1:1, respectively. The lengths and widths of
NRs in all the samples were measured via a statistical sampling
method38 and shown in Figure 1c. In general, the length of NRs
slightly decreased from 143 ± 9 nm (the undoped NRs) to 137
± 7 nm when the NH3 cycle ratio was increased to 1:20
(sample A4). Meanwhile, the average diameter of the NRs
monotonically decreased from 25 ± 4 nm (A1) to 19 ± 3 nm
(A4). When the NH3 cycle ratio was further increased from
1:20 to 1:1, a large decrease of NR length from 137 ± 7 nm
(A4) to 114 ± 9 nm (A7) was observed. The NR diameter also
rapidly increased from 19 ± 3 nm (A4) to 34 ± 5 nm (A7),
indicating a signiﬁcant change of NR morphology from long
and slim to short and plump upon the introduction of N
dopants.
The statistical size measurement provides a preliminary
understanding of the TiO2 NR growth behavior by SPCVD
under the inﬂuence of NH3 precursor. The highest growth rate
was achieved at ∼3.6 Å/cycle when no NH3 precursor was
induced (A1). Reduced length growth rate was observed with
the rising of the nitrogen doping ratio. The smallest length with
the average length growth rate of 1.4 Å /cycle was identiﬁed
when the most TiCl4/NH3 cycles were programed for nitrogen
doping (A7). This observation is similar to the ALD of nitrogen
doped TiO2 ﬁlms because TiN has lower growth rate than
TiO2.10,37 In the high temperature SPCVD process, we have

Figure 2. XPS characterization of nitrogen doped TiO2 NRs with
diﬀerent nitrogen doping ratios (A1−A7): (a) full XPS spectra; (b) N
1s scan near 400 eV, Ti 2p scan near 460 eV, and O 1s scan near 530
eV of A1−A7 samples; (c) deconvoluted spectra for N 1s peak of
heavily doped sample A6 (1) and lightly doped sample A2 (2), O 1s
peak of heavily doped sample A6 (3) and undoped sample A1 (4), and
Ti 2p peak of heavily doped sample A6 (5) and undoped sample A1
(6).

all nitrogen doped TiO2 NR samples (A2−A7) but were absent
in the undoped one (A1) (Figure 2a). To analyze the chemical
structures of nitrogen doped and undoped TiO2 NRs, three
regions of the XPS spectrum were examined: N 1s scan near
400 eV, Ti 2p scan near 460 eV, and O 1s scan near 530 eV
(Figure 2b). For TiO2 NRs with diﬀerent nitrogen doping ratio,
there are observable variations among each scan. Broad N 1s
peaks expanding from 398.0 to 403.5 eV were observed in all
nitrogen doped samples. The peaks were located at binding
C
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Figure 3. Structure and species distribution in TiO2 NRs. (a) TEM image of nitrogen doped TiO2 NRs bundles on a Si NW. (b, c) High resolution
TEM images taken from the tip (b) and body (c) regions. The NR is covered by a ∼2.5−3.5 nm thick percolated layer as marked by the dashed
lines. Inset in (c) is the FFT pattern of the lattice image. It conﬁrms the anatase phase. (d) Voids observed in the percolated layer, as marked by
white dashed lines. (e) EELS spectrum image measurements on a nitrogen doped TiO2 NR showing the distributions of Ti, O, and N elements, as
well as the concentration diﬀerence between Ti and O (Ti/O) along the entire NR body. (f) N concentration proﬁle along the NR cross section as
marked by the square dots in the left panel of Figure 4e.

energies higher than the typical value of TiN (397.2 eV).39 This
is considered as the consequence of higher N 1s binding energy
in an O−Ti−N environment, where the formal charge of N in
O−Ti−N is more positive than that in TiN.39,40 The variation
in peak intensities and positions also reveals the diﬀerent
concentrations and chemical environment. The doublet lines in
the spectrum proﬁles in the Ti 2p and O 1s scanning regions of
doped and undoped TiO2 NRs exhibit similar diﬀerences. In
particular, sample A6’s (X:Y = 1:5) exhibit the most signiﬁcant
shift of its Ti 2p3/2 peak to lower binding energy (459 eV) and
amplitude attenuation of its O 1s peak at 533 eV (red curve in
Figure 2b). The shift in the binding energy of Ti 2p peaks
toward lower values indicates a successful incorporation of N in
the TiO2 lattice. The change in O 1s spectrum suggested the
formation of O−Ti−N bonds and the modiﬁcation of OH
groups on the NR surfaces.8,39,40
In order to elucidate the chemical binding states of N, O, and
Ti elements, the deconvoluted spectra for N 1s, O 1s, and Ti 2p
peaks were investigated and presented in Figure 2c. The N 1s
proﬁle can be split into two characteristic peaks and assigned to
O−Ti−N or Ti−N−O bonds at 400.2 eV (green peak) and
NH4+ adsorbed on NR surfaces at 402.5 eV (purple peak) as
reported in the literature (Figure 2c1 and Figure 2c2).41,42 As
shown in Figure 2c1, the area ratio of the O−Ti−N peak (at
∼400.2 eV) to the total N 1s peak in sample A6 (X:Y = 1:5) is
∼0.86 while the area ratio of NH4+ (at ∼402.5 eV) is ∼0.14.
When the doping ratio decreased to X:Y = 1:80 (sample A2
shown in Figure 2c2), the two ratios became 0.61 and 0.39,
respectively, suggesting that a more substitutional doping might
happen at 1:5 doping ratio. By comparison of the nitrogen
doped sample A6 and undoped sample A1, more notable
variations were observed in O 1s (Figure 2c3 and Figure 2c4)

and Ti 2p (Figure 2c5 and Figure 2c6) signals regarding N
incorporation. The O 1s peak of A6 was deconvoluted into
three contributions at 530.6 eV (green), 532.4 eV (purple), and
533.4 eV (yellow) which are identiﬁed as Ti−O, O−Ti−N, and
surface OH groups, respectively. The peaks of sample A1 were
only deconvoluted into two components of Ti−O (green) and
OH groups (yellow), while the O−Ti−N signal at 532.4 eV was
absent. This further conﬁrms that the O−Ti−N bonds were
formed in the nitrogen doped TiO2 NRs. The surface OH
group related peak at 533.4 eV is common in XPS studies of
TiO2. The area ratio of this component was reduced in sample
A6, possibly because of more substitutions of O atoms by N
and the consumption of surface OH groups for NH 3
protonation (Figure 2c1).42
Earlier research mentioned that the valence state of the Ti
cations in TiO2 should be reduced when N substitutes O by
doping. The binding energy of Ti 2p peaks shifted to lower
values because of Ti4+ being reduced to Ti3+.40,43 Development
of the O−Ti−N bonds through partially substituting O with N
in TiO2 lattice can be indicated by the shifts of Ti 2p binding
energy.40 This eﬀect was illustrated by XPS proﬁles of Ti 2p
scans.41,44 Figure 2c5 is the deconvoluted spectra of the Ti 2p
peaks of sample A6. The extra Ti3+ signals appeared at 459.3 eV
in Ti 2p3/2 (green) and 464.5 eV in Ti 2p1/2 (yellow), which
were located at the lower binding energy side of each Ti−O
peak. The undoped one only showed two peaks of typical Ti−
O bonds (Figure 2c6).
Transmission electron microscopy (TEM) was implemented
to study the morphology and crystal structure of the nitrogen
doped TiO2 NRs. Figure 3a shows high resolution TEM
(HRTEM) images of NRs from sample A6 that exhibits the
highest detected N concentration. The images were taken from
D
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Figure 4. (a−c) J−V curves of nitrogen doped and undoped TiO2 NRs−Si NW hierarchical architectures under illuminations of 100 mW cm−2 Xe
lamp source, lamp with AM 1.5G ﬁlter, and lamp with UV cutoﬀ ﬁlter, respectively. (d) XPS demonstrates that density of states (DOS) shift in the
valence band happened to all nitrogen doped samples. The maximum shift is ∼2.4 eV in sample A6. (e, f) IPCE of nitrogen doped and undoped
TiO2 NRs−Si NW hierarchical architectures within the wavelength range of 300−425 and 425−700 nm, respectively.

puriﬁcation.46,47 Meanwhile, point defects such as vacancies and
interstitials can diﬀuse outward and aggregate to form voids and
grain boundaries.48,49 We believe the formation of the
percolated layer with highly concentrated N atoms manifests
above processes. In the high-temperature SPCVD process,
oxygen vacancies associated with O−Ti−N structures could
diﬀuse to the surface while the TiO2 NR body was crystallized,
forming voids (Figure 3d) in the percolated layer.50 As a result,
the nitrogen-rich percolated layers were formed near the NR
surfaces. Because the NR formation mechanism has been found
to be the migration of crystallized particles on manifold body
followed by orientated attachment on high surface energy facets
(the tip part of NRs), a signiﬁcant amount of the percolated
layer covering the NRs might be an obstacle for the migration
and attachment of crystal particles to the tip area of NRs.
Theoretical and experimental work suggested that N
impurity could introduce localized states above valence band
maximum (VBM) or VBM lifting, enabling photoactiviy in the
visible light range.4,8,12,51 The surface disorder and oxygen
vacancies were also known to be able to shift the VBM and
narrow the band gap of TiO2.52 Therefore, introducing
nitrogen doping to the SPCVD TiO2 NR branch growth is
expected to realize a promising 3D NR architecture for highperformance PEC photoanode across a wide spectrum range.
To investigate the doping-related PEC performance, the six
nitrogen doped TiO2 NR samples (A2−A7) and the undoped
sample (A1) were used as PEC photoanodes and their
photocurrent density (Jph) characteristics versus bias potential
were measured under the same conditions. Corresponding PEC
eﬃciencies were estimated using following equation:6

the tip and body regions. The truncated tip of this NR is
typical, and the facets could be indexed as the (001), (011),
(01̅1̅), and (01̅1) planes. The tip angle of NR is 111.4°,
representing the angle between the (01̅1) and (001) planes
with lattice spaces measured to be 0.35 and 0.48 nm,
respectively (Figure 3b). The NR tip and body were completely
covered by a ∼2.5−3.5 nm thick percolated layer, a mixture of
randomly oriented nanocrystals with amorphous intercalations
(Figure 3c). This is diﬀerent from the single crystalline sharp
surfaces that were observed from the undoped TiO2 NRs.45
Beneath the percolated layer, the NR exhibits a nearly perfect
crystal lattice with perfect {011} facets, which is consist with
the observation for undoped TiO2 NRs.45 Analysis of the fast
Fourier transform (FFT) pattern of a cut image showing the
central part of N-doped NR reveals the anatase structure of
TiO2 (inset of Figure 3c).
To analyze the element distribution and understand the
composition of the percolated layer, electron energy loss
spectroscopy spectrum image (EELS SI) was taken from a
single nitrogen doped TiO2 NR (center and left panel of Figure
3e). Appreciable N signal in EELS spectrum was detected from
the NR (left panel of Figure 3e). Elemental mapping clearly
reveals the distributions of Ti, O, and N elements, as well as the
concentration diﬀerence between Ti and O (Ti/O) along the
entire NR body (right panel of Figure 3e). More Ti was found
near the NR surface, where less O element was identiﬁed. The
map of Ti/O reveals the O depleted surface region and the
stoichiometric NR body. The N map demonstrates a
concentrated N region along the NR surface proﬁle. Such a
nonuniform N distribution is further conﬁrmed by measurement of the N concentration proﬁle along the NR cross-section
as shown in Figure 3f, where depth of surface layer with
increased concentration of nitrogen was ∼4 nm.
It is known that the impurity formation energy in doped
nanocrystals increases as the crystal size decreases.46 Impurity
atoms can diﬀuse to the crystal surface, referred to as self-

⎡
100 ⎤
0
η % = ⎢Jph (Erev
− |E bias − Eaoc|)
⎥
I0 ⎦
⎣

(1)

where Ebias is the bias potential, E0rev = 1.23 V is the standard
state reversible potential for water-splitting reactions, and Eaoc =
Voc is the open circuit voltage (vs SCE). Figure 4 shows
E
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Table 1. Summary of Photocurrent Density and PEC Eﬃciency of Nitrogen Doped and Undoped TiO2 NR−Si NW
Architectures Measured under Diﬀerent Illumination Conditions
sample

J (mA cm−2)

η (%)

lamp source
UV cut-oﬀ ﬁlter
AM 1.5G ﬁlter
lamp source
UV cut-oﬀ ﬁlter
AM 1.5G ﬁlter

A1

A2

A3

A4

A5

A6

A7

undoped

1:80

1:40

1:20

1:10

1:5

1:1

2.081
0.011
0.175
0.905
0.004
0.082

1.650
0.011
0.187
0.362
0.003
0.059

0.668
0.015
0.140
0.324
0.005
0.074

1.271
0.040
0.159
0.531
0.014
0.060

2.159
0.060
0.426
0.492
0.028
0.149

3.920
0.095
0.858
1.232
0.040
0.257

3.187
0.039
0.466
1.357
0.015
0.188

visible light regime (less than ∼600 nm) as a result of nitrogen
doping (Figure S3). XPS was then used to further understand
this phenomenon from the aspect of density of states (DOS)
shift in the valence band (Figure 4d). From the XPS spectra,
the undoped TiO2 NRs (A1) exhibited a VBM at ∼4.8 eV.
While sample A2, which had the lowest N doping
concentration, only exhibited a shift of 0.5 eV, all the other
nitrogen doped samples showed a shift of 2.2−2.4 eV. The
change of VBM indicates the emergence of absorption
capability in the visible light range, which could possibly
enable photoactivity in broad-band illumination and thus
enhanced PEC performance. These observations indicate the
successful activation of visible-light photoactivity induced by N
doping.
Incident-photon-to-current-conversion eﬃciency (IPCE) was
used to quantitatively understand the N doping eﬀect on the
photoactivity as a function of incident wavelength.53,54 IPCE
characterizations (Figure 4e and Figure 4f) were conducted on
all nitrogen doped and undoped samples at the potentials
where Jph approaches saturation (e.g., −0.55 V vs SCE for A6).
IPCE values were calculated via the following equation:55

representative Jph−V curves collected under the illumination of
a 100 W cm−2 Xe lamp without and with AM 1.5G or UV
cutoﬀ ﬁlters. The dark current densities of each PEC test
remained at fairly low values (<10−4 mA cm−2) within the bias
potential range between −1.1 and 0.5 V (vs SCE), indicating
high quality crystal surfaces of the as-synthesized TiO2 NR
architectures. Among all the samples, A6 exhibited the highest
Jph under all wavelength conditions. Generally, higher nitrogen
doping yielded high photocurrent and higher eﬃciency. All the
photocurrent and eﬃciency data are summarized in Table 1.
Under direct Xe lamp illumination, the maximum eﬃciency was
calculated to be 1.35% at approximately −0.75 V from sample
A7 (Figure S4a). This value is close to that of sample A6
(1.23%) and 48% higher than that of the undoped TiO2 NR
photoanodes (0.91% at approximately −0.77 V). However,
other nitrogen doped TiO2 NR samples (A2−A5) all yielded
lower photocurrent and eﬃciency compared to the undoped
one. This is possibly due to the defective crystal structure
around the NR surfaces (Figure 3), which would jeopardize the
charge transport even though their visible light photoactivity
might be higher than that of the undoped sample.
When an AM 1.5G ﬁlter was applied, sample A6 yielded the
maximum eﬃciency of 0.26% at approximately −0.36 V
whereas the eﬃciency of A7 rapidly dropped to 0.19%, which
was only 73% of that of A6. Other than A5, whose Jph was about
the same level as A7, all the other nitrogen doped NRs
exhibited the same level of performance as the undoped one
(∼0.08%). Therefore, under AM 1.5G illumination, the
maximum eﬃciency oﬀered by nitrogen doping was 225%
higher than that of the undoped TiO2 NRs.
When the samples were only exposed to visible light by
applying a UV cutoﬀ ﬁlter (cutoﬀ wavelength of 400 nm), the
photocurrents were further reduced. As shown in Figure 4c,
Figure S4c, and Table 1, sample A6 still exhibited the highest
performance with a maximum eﬃciency of 0.04% at
approximately −0.54 V. Under this situation, the Jph and
eﬃciency of sample A7 further dropped to the same level of
sample A4 (X:Y = 1:20) and were outperformed by sample A5.
Similar to the observations under UV-involved illuminations,
no signiﬁcant diﬀerence was found between the low-dopingconcentration samples (A2 and A3) and the undoped one,
where the photocurrents remained at the 0.01 mA cm−2 level.
Because of the rapid photocurrent drop when the entire UV
spectrum was cut oﬀ, 1 order of magnitude enhancement was
identiﬁed when appropriate N was doped into TiO2 NRs.
The as-synthesized heavily nitrogen doped TiO2 NRs (A6)
appeared darker in color compared to the undoped TiO2 NRs
(A1, inset Figure S3), demonstrating its more eﬀective
absorption of visible light. Corresponding UV−vis absorption
spectra revealed a signiﬁcantly enhanced absorption in the

IPCE (%) = (1240Jph )/(λPmono)

(2)

where Jph is the photocurrent density at the incident wavelength
λ. Pmono is the power density of the incident monochromatic
light. All the samples exhibited signiﬁcant photoactivity over the
entire UV region and decreased sharply when the wavelength is
greater than 360 nm. The lowest IPCE (∼35−40%) was found
from samples A2 and A3, which was consistent with the lowest
Jph and eﬃciency observed from these two samples in all
wavelength ranges. We believe this is due to the very low level
of nitrogen doping that was not suﬃcient to completely alter
their optoelectronic behavior but rather introduced defects
jeopardizing the charge transport properties. It is also surprising
to see a very high IPCE from relatively heavily doped TiO2 NR
samples (A6 and A7). Their IPCE values reached over 95% in
the UV range, which was 27% higher than that of undoped
TiO2 NRs. Considering the absorption of heavily doped TiO2
in this wavelength range is comparable to that of undoped one,
we attribute this enhancement to their more eﬃcient utilization
of UV light where the separation and transportation of
photoexcited charge carriers are more eﬀective.9,53 Sample A6
exhibited the highest high IPCE (∼94%) at ∼360 nm and the
longest cutoﬀ wavelength at 425 nm, which is consistent with
its highest photoactivity among all samples. A blue shift on the
cutoﬀ wavelength was observed when the dopant concentration
decreased and the undoped TiO2 NRs exhibited the shortest
cutoﬀ wavelength at ∼400 nm, which is consistent with their
UV−vis spectra.
F
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performance enhancement or creating new functionality.
Understanding the doping behavior and controlling the doping
concentration in SPCVD 3D NR growth hold a great promise
for engineering the electrical properties of functional nanomaterials for PEC and other energy harvesting and conversion
applications.

Figure 4f shows IPCE in the visible light region. Here, we can
allocate their visible light performance into three groups. Group
I contains relatively heavily doped TiO2 NRs (A6 and A7).
They exhibited the highest IPCE in the 450−700 nm range
(0.8−1.0%) with an obvious peak at ∼610 nm. Group II
contains moderately doped TiO2 NRs (A4 and A5). They
showed a broad IPCE peak in the 450−700 nm regime with a
maximum value of ∼0.6% across a broad band (500−600 nm).
Group III contains lightly doped and undoped TiO2 NRs (A1−
A3). Their IPCE values were nearly zero within this wavelength
range, suggesting that the low concentration of N is not able to
introduce photoactivity in the visible light range. Considering
Ti3+ in nitrogen doped TiO2 is referred to as a color center
which induces interbands for visible light absorption,41,56,57 we
attribute the conspicuous IPCE around ∼610 nm of group I
nitrogen doped TiO2 to the Ti3+ related interbands light
absorption.
In addition, the IPCE investigation also helps in understanding the strong wavelength dependence of sample A7’s
PEC performance. Since both A6 and A7 exhibited comparably
high IPCE in the UV range (<350 nm), they showed similar
PEC performance under Xe lamp illumination which had a
signiﬁcant UV portion. IPCE of A7 rapidly dropped when the
wavelength was greater than 350 nm. Therefore, its PEC
performance was lowered to the level of sample A5 when the
AM 1.5G ﬁlter was applied. Once the UV illumination was
completely blocked by a UV cut-oﬀ ﬁlter, the Jph and eﬃciency
of A7 further dropped to the same level of A4, despite its higher
IPCE in the visible light region.
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4. CONCLUSION
In summary, we successfully introduced nitrogen doping
capability in the SPCVD process for synthesizing high-density
nitrogen doped TiO2 NR branches on dense Si NW forests.
The N elements were introduced by adding NH3 vapor as
additional precursor pulses between typical H2O and TiCl4
cycles for growing TiO2 NRs at 600 °C. The dopant
concentration can be rationally controlled by adjusting the
ratio between the doping cycles and regular TiO2 growth
cycles. HRTEM and EELS mapping revealed that the N
dopants were mostly accumulated around the surface of NR,
forming a percolated layer. XPS study conﬁrmed the formation
of O−Ti−N bonds in nitrogen doped TiO2 NRs. Ti3+ signals
were also observed, which are associated with the reduction of
Ti4+ when N substitutes O by doping. Compared to an
undoped one, the valence band maximum of nitrogen doped
TiO2 NRs exhibited a notable lifting up. The largest shift value
reached ∼2.4 eV in the most highly doped sample. The assynthesized nitrogen doped TiO2 NR branched heterostructures were used as PEC photoanodes, and their performance
was characterized within controlled illumination wavelength
ranges. The nitrogen doped TiO2 NRs demonstrated fairly
competitive photoactivity under 100 W cm−2 Xe lamp and
simulated solar illuminations. Appreciable PEC activity was also
observed in the visible light range from 450 to 700 nm. The
maximum eﬃciencies oﬀered by nitrogen doping were 225%
higher than those of the undoped TiO2 NRs under AM 1.5G
illumination. The enhancement of PEC eﬃciency was more
than 900% when only visible light was illuminated. Successful
synthesis of nitrogen doped TiO2 NRs by the SPCVD method
introduces a strong new capability to this novel and powerful
3D NR growth technique. It enables composition and
optoelectronic property control of the NR branches, allowing
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