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ABSTRACT: This study presents a simple method that allows us
to modify the composition, morphological, and surface properties
of three-dimensional hierarchical Nb3O7(OH) superstructures,
resulting in strongly enhanced photocatalytic H2 production. The
superstructures consist of highly ordered nanowire networks and
self-assemble under hydrothermal conditions. The presence of
titanium affects the morphology of the superstructures, resulting in
increased surface areas for higher doping levels. Up to 12 at. %
titanium is incorporated into the Nb3O7(OH) crystal lattice via
substitution of niobium at its octahedral lattice sites. Further
titanium excess results in the formation of niobium-doped TiO2
plates, which overgrow the surface of the Nb3O7(OH) superstructures. Photoluminescence spectroscopy indicates fewer charge
recombination processes near the surface of the nanostructures with an increasing titanium concentration in the crystal lattice.
The combination of larger surface areas with fewer quenching sites at the crystal surface yields higher H2 evolution rates for the
doped samples, with the rate being doubled by incorporation of 5.5 ± 0.7 at. % Ti.

■ INTRODUCTION

Hydrogen is a key fuel not only for the chemical industry but
also as a suitable energy source of the future.1 Photocatalytic
water splitting is an environmentally friendly approach for
hydrogen production that mimics natural photosynthesis using
solar energy to convert water into hydrogen and oxygen gas.
The endergonic reaction is enabled by a semiconductor: an
absorbed photon excites an electron from the valence to the
conduction band creating an electron−hole pair. If the potential
of this electron−hole pair is sufficient, the electron reduces and
the hole oxidizes water to hydrogen and oxygen.2 The
photocatalytic activity of a material generally depends upon
several electronic and morphological factors. The size and
energetic position of the band gap with respect to the standard
hydrogen electrode determines whether the charge transport
from the photocatalyst to water can take place (the theoretical
minimum band gap for water splitting is 1.23 eV without
overpotential).2 TiO2 is one of the most intensively studied
semiconductors in the field of photochemistry,3,4 in both the
realm of photocatalysis5−7 and solar cell devices.8−11 However,
the achieved rates are far too low for commercial use,12 thus

enforcing the research of alternative material systems.13−16

Niobium-based metal oxides attract increasing attention in the
field of photocatalysis and also serve as possible candidates for
water-splitting applications.17−28 Similar to TiO2, their crystal
structures are built up from NbO6 octahedra and their band
gaps range from 3.1 eV29 to 4.9 eV30 for different modifications.
The capability for photocatalytic water splitting could already
be shown for Nb2O5,

18,23 Nb3O7(OH),
25 and several other

niobates.12

The actual water-splitting redox reaction happens at the
surface of the semiconductor, and accordingly, a high surface
area is beneficial. The photogenerated electron−hole pair has
to diffuse to the surface of the nanostructure, a process
threatened by recombination, a major loss mechanism resulting
in reduced efficiencies.31 A low number of defects in the crystal
lattice and nanostructures with small dimensions reduce the
probability of electron−hole recombination, while large surface
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areas increase the number of active reaction sites.2 Thus,
crystalline morphologies consisting of small nanostructures are
expected to show the highest turnover rates. In the following,
we describe hierarchically ordered nanostructures as super-
structures. As reported previously by our group, three-
dimensional (3D) hierarchical Nb3O7(OH) superstructures
can be synthesized using a template-free one-step hydrothermal
synthesis approach. The superstructures are composed of
nanowire networks and benefit from a large surface area
combined with a high crystallinity of the one-dimensional
crystals.24 This study presents a facile strategy that allows us to
rationally modify the morphology and water-splitting capability
of these Nb3O7(OH) superstructures via the addition of Ti(IV)
to the reaction solution. The presence of Ti(IV) causes
decreased nanowire sizes and altered morphologies. The
dependence of the morphology and crystallographic properties
of Nb3O7(OH) superstructures and their building blocks on the
Ti(IV) concentration was investigated in detail using electron
microscopy and X-ray diffraction (XRD) experiments. The
results are correlated with the material properties and hydrogen
production rate, which increases drastically with the Ti(IV)
concentration.

■ RESULTS AND DISCUSSION
Effect of the Incorporation of Titanium on the

Morphology and Crystal Structure. Undoped
Nb3O7(OH) superstructures, which grow under hydrothermal
conditions at 200 °C, form the starting point of this study. The
orthorhombic crystal structure of Nb3O7(OH) is composed of
blocks of corner-sharing NbO6 octahedra. The walls of the
hollow, cubic superstructures consist of nanowire networks.
Additional nanowires, which point like spikes from their
surfaces, further enhance the surface area of the superstructures
(Figure 1a).24 This morphology is named morphology A in the
following. Energy-dispersive X-ray (EDX) spectroscopy shows
a linear dependence between the Ti amount incorporated into
the superstructures, given relative to Nb, and the Ti(IV)
concentration in the reaction solution (see Figures S1 and S2 of
the Supporting Information). The addition of small Ti(IV)
concentrations between 0.03 and 0.06 mol L−1 causes the
formation of a spherical morphology with an average amount of
5.5 ± 0.7 at. % titanium incorporated into the crystal lattice of
Nb3O7(OH) (morphology B). These results are furthermore
confirmed by inductively coupled plasma mass spectrometry,
which yields a Nb amount of 766.60 ± 8.55 mg g−1 (8.25 ±
0.09 mmol g−1) and a Ti amount of 23.38 ± 2.46 mg g−1 (0.49
± 0.05 mmol/g−1) (see Table S1 of the Supporting
Information). Morphology B is likewise hollow and built up
from nanowires (Figure 1b and Figure S3 of the Supporting
Information). Scanning electron microscopy (SEM) images
reveal sutures on its surface, which might be remainings of
former cube edges, and propose that the spheres are rounded
cubes (see Figure S4 of the Supporting Information). The XRD
pattern of these samples matches the diffraction pattern
detected for undoped, phase-pure Nb3O7(OH) superstructures.
With an increasing titanium concentration in the reaction
solution (0.09−0.11 mol L−1), a cubic morphology forms
(morphology C). In contrast to the cubes found in the absence
of Ti(IV), these cubes consist of noticeably smaller nanowires,
which arrange to form the walls of hollow cubes (Figure 1c).
For this sample, the XRD pattern reveals a phase mixture and
reflections of the anatase TiO2 phase are visible in addition to
the reflections of Nb3O7(OH). They can be attributed to the

formation of large TiO2 plates on the surface of some of the
cubes, as visible in SEM micrographs. EDX measurements in
the SEM yield a Ti content of 10.8 ± 1.5 at. % for morphology
C, which is not overgrown by large plates, and a significantly
higher Ti content of 31.2 ± 5.0 at. % for morphology C
overgrown by TiO2 plates. Thus, two effects are observed: First,
the incorporation of titanium yields smaller wire dimensions
with the amount of titanium, which can be incorporated into
the Nb3O7(OH) crystal lattice being limited. Second, titanium
excess leads to the formation of an additional TiO2 phase.
The XRD pattern shows a shifting of the reflections

depending on the titanium amount incorporated into the
crystal lattice. With an increasing Ti concentration in the crystal
lattice, the different diffraction orders of the (100) planes shift
to larger angles, signifying a decreased d spacing. In contrast,
the (001) reflection shifts to smaller angles, related to an
expansion of the c-lattice parameter (see Figure S5 and Table
S3 of the Supporting Information). The expansion of the crystal
lattice indicates the incorporation of point defects.33 The
replacement of Nb5+ by Ti4+ necessitates the removal of anions

Figure 1. Morphology and crystal structure of Nb3O7(OH) super-
structures, which form for different Ti(IV) concentrations in the
reaction solution. On the right side, SEM images of morphologies A,
B, and C are displayed (scale bar of 1 μm), with the titanium content
averaged over the morphology indicated relative to niobium. (a−c)
Left side shows XRD patterns of the respective samples. The gray
dashed lines highlight the reflections belonging to the anatase TiO2
crystal phase [Inorganic Crystal Structure Database (ICSD), Card
44882]; all others are caused by Nb3O7(OH) {isomorphous to
Nb3O7F

32 [Joint Committee on Powder Diffraction Standards
(JCPDS), Card 74-2363]}. A reflection caused by the instrumental
setup is marked by an asterisk. The d values are listed in Table S2 of
the Supporting Information.
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from the crystal lattice for charge balance. For Nb3O7(OH),
charge balance is most likely obtained by removing hydroxyl
groups from the crystal lattice, yielding Nb3−xTixO7(OH)1−x.
XRD analysis shows a reduced lattice parameter in the a
direction for an increasing titanium concentration. As the
crystal ionic radius of 6-fold coordinated Ti(IV) is reported to
be 3.5 pm smaller than the radius of 6-fold coordinated
Nb(V),34 the contraction of the crystal lattice in the a direction
might result from the replacement of Nb(V) by Ti(IV). This
and the distribution of titanium in the crystal lattice of
Nb3O7(OH) are investigated in more detail by transmission
electron microscopy (TEM) and will be discussed below.
In-Depth TEM Characterization of the Nanowire

Networks. TEM investigations are performed for a deeper
understanding of the correlation between the crystal size and
titanium incorporation. As reported previously, morphology A
consists of highly ordered nanowire networks (Figure 1a),
which reflects in both bright field (BF) images and the electron
diffraction pattern of the networks (Figure 2b).24 The
nanowires forming the networks grow in the [010] direction
and possess larger (001) and slightly smaller (100) crystal
facets (true to scale schemes in Figure 2d and Figure S6 and
Table S4 of the Supporting Information). The indexing of the
electron pattern recorded for the nanowire networks proves
that they are a superposition of orthogonally aligned nanowires,
which possess the [100] zone axis.24 In addition to the main
reflections, low-intensity reflections appear in the diffraction
pattern, which originate from detached nanowires. From BF
images, it is obvious that the walls of morphology B consist of
the same nanowire arrangement (Figure 2a). However, the

nanowires are smaller and shorter and have an altered aspect
ratio of the (001) to (100) crystal facets than pristine
Nb3O7(OH) nanowires (see schematic in Figure 2d). This
trend continues, so that the nanowires observed for
morphology C are noticeably smaller, shorter, and flatter.
This causes a rather compact appearance of the cube wall in BF
images and broadened reflections in the corresponding electron
diffraction pattern of the cube wall. In addition, the broadening
of the reflections also indicates a slight rotation of the building
blocks relative to each other. Still, the overall nanowire
arrangement is preserved, and the d spacing of the reflections
matches Nb3O7(OH). Local EDX spectra recorded at the
nanowire network of morphology C yield a titanium
concentration of 11.1 at. % titanium, which is in the range of
the titanium amount observed for TiO2-free cubes of
morphology C in the SEM. SEM images reveal large plates
on the surface of morphology C (Figures 1c and 2a). Electron
diffraction experiments prove that these plates are single-
crystalline anatase TiO2 observed in the [001] direction (Figure
2c), which matches the results of the XRD analysis (Figure 1c).
EDX measurements reveal a homogeneous distribution of 23 ±
1 at. % niobium within these plates. Figure 2a shows a SEM
image of the conduit region between the cube wall and TiO2
plate, demonstrating that the TiO2 plate is connected to the
Nb3O7(OH) nanowires of the cube wall. The combination of
scanning TEM and EDX investigations indicates a disruption of
the TiO2 plate by integrated Nb3O7(OH) nanowires, causing a
decreased Ti concentration in these regions, visible in EDX
maps of the Ti−K line (marked with white arrows in Figure
2b). Nanowires lying on top or below the TiO2 plate, which are

Figure 2. Electron microscopy analysis of the superstructures achieved for different Ti(IV) concentrations in the reaction solution. The amount of
titanium incorporated into the crystal lattice increases from left to right. SEM images of the different morphologies and the TiO2 plates are displayed
in panel a (scale bar of 100 nm). (b) TEM images of fragments of the nanowire networks building up the walls of the different morphologies (scale
bar of 20 nm). The inset shows the diffraction pattern of the respective network observed in the [100] direction (scale bar of 20 nm). For the TiO2
plate, a scanning TEM image of the conduit region between the cube wall and plate is given together with EDX maps (Ti−K and Nb−L line) of the
highlighted region (scale bar of 20 nm). (c) HRTEM images of a nanowire of each morphology (in the [001] direction) and the TiO2 plate (in the
[1 ̅11] direction) (scale bar of 1 nm). (d) Schematic drawings that illustrate the shape of the building blocks true to scale (see Table S4 of the
Supporting Information). For the TiO2 plate, the connection between the TiO2 plate and Nb3O7(OH) cube wall is displayed.
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visible in the Nb EDX map, on the contrary, do not cause a
strongly modified contrast in the Ti EDX maps. In this regard,
morphology C can actually be regarded as a composition of two
morphologies: the Nb3O7(OH) cubes form the basis, which is
partly overgrown by anatase TiO2 plates.
It is important to find out if titanium is distributed

homogeneously in the Nb3O7(OH) lattice or enriched in
certain areas. Hydrothermally grown Nb3O7(OH) nanowires
are characterized by planar defects parallel to the {001} lattice
planes. These defects have a homogeneous width, which
apparently does not change as a result of the incorporation of
titanium into the crystal lattice (see Figure S7 of the Supporting
Information). Figure 2c shows high-resolution transmission
electron microscopy (HRTEM) images detected in the [001]
direction, which do not indicate significant changes of the
Nb3O7(OH) crystal lattice as a result of the presence of
titanium (Figure 2c). These results are confirmed by EDX
maps, which indicate a homogeneous distribution of titanium
throughout the nanowires, and no areas of higher Ti
concentration are observed, including nanowire junctions (see
Figure S8 of the Supporting Information). Together with the
XRD analysis, these results prove the homogeneous distribu-
tion of titanium in the crystal lattice of Nb3O7(OH), while an
accumulation of titanium at grain boundaries or defects cannot
be observed within the detection limit of our measurements.
The incorporation of titanium as a dopant in the crystal lattice
of Nb3O7(OH) results in altered crystal sizes and shapes, which
lead to different morphologies at the microscale. In addition,
the findings suggest that the crystal lattice of Nb3O7(OH) is
not capable of accommodating more than about 12 at. % Ti, so
that the formation of niobium-doped anatase TiO2 is favored
for further titanium excess. HRTEM images detected at the
conduit region of the Nb3O7(OH) nanoplate and TiO2 plate
show that this happens via oriented crystal growth (see Figure
S9 of the Supporting Information).
Electron Energy-Loss Spectroscopy Study of Tita-

nium-Doped Samples. For a better understanding of the
local surrounding of doped titanium atoms in the Nb3O7(OH)
lattice, electron energy-loss spectroscopy (EELS) was per-
formed. The energy-loss near-edge fine structure (ELNES) of
the Ti−L2,3, Nb−M2,3, and O−K edges is analyzed for
morphologies A and B and for both the cube wall and TiO2
plate of morphology C (Figure 3 and Table S5 of the
Supporting Information). The features in the low loss regime
are dominated by plasmon excitations and have a similar shape
for all samples. Only the intensity ratio of peak b and b′ varies,

and the decreased intensity of feature b observed for
morphology A could either result from the absence of titanium
in the crystal lattice or be caused by different sample
thicknesses.
The Nb−M2,3 and Ti−L2,3 edges result from the excitation of

Nb 3p and Ti 2p electrons to unoccupied Nb 4d or Ti 3d
states. The shape of these two edges is characterized by two
white lines, which reflect the spin−orbital splitting of the 3p
orbitals of niobium and 2p orbitals of titanium. The splitting of
the Nb−M2,3 white lines (peaks a and b) is identical for all
investigated samples. Additional high-energy shoulders (a′ and
b′) appear for both the Nb−M3 and Nb−M2 edges of all
samples, indicating the presence of pentavalent niobium.35 The
Ti−L3 and Ti−L2 white lines (peaks a and b) are further split
up to form doublets (additional peaks a′ and b′) for
morphology B and both the cube wall and TiO2 plate of
morphology C. This splitting is due to unoccupied t2g levels,
which hints at the presence of Ti(IV) in the Nb3O7(OH)
crystal lattice.36,37 This assumption is strengthened by the
measured peak splitting of peaks a and b, which is 5.2 ± 0.1 eV
for the three samples. This value fits the literature value of both
rutile and anatase TiO2 (5.4 eV36). The ELNES of the Ti−L2,3
edge detected for the TiO2 plate of morphology C shows an
additional high-energy shoulder for peak a′ (see Figure S10 of
the Supporting Information). This feature is characteristic for
anatase TiO2 and originates from the distortion of the TiO6
octahedra in the crystal lattice.37 The ELNES of the O−K edge
of morphology A is dominated by three distinct peaks (a, b, and
c) with intensities and energy splitting matching those reported
for Nb2O5.

35 Neither the intensity nor the splitting of the peaks
is strongly affected by the incorporation of titanium in the
crystal lattice. However, significant differences are observed for
the ELNES of the TiO2 plate of morphology C, which shows a
drastically decreased splitting of peaks a and b and the
appearance of an additional peak c′. The shape and peak
splitting of this O−K ELNES match anatase TiO2.

36,37

The ELNES of the Ti−L2,3, Nb−M2,3, and O−K edges does
not show significant changes as a result of the incorporation of
titanium into the crystal lattice of Nb3O7(OH). The unit cell of
Nb3O7(OH) is composed of NbO6 octahedra. The shape of the
Ti−L2,3 edge resembles the ELNES of anatase and rutile
TiO2;

36 both crystal structures consist of TiO6 octahedra. The
ELNES of the Ti−L2,3 edge, together with the fact that neither
the shape of the O−K nor the Nb−M2,3 edge is affected by
incorporated titanium, indicates the replacement of niobium by
titanium at its octahedral lattice sites. In the case of the TiO2

Figure 3. EELS detected for morphologies A and B and the wall of the cubes and TiO2 plate of morphology C. The low loss region and ELNES of
the Nb−N2,3, Nb−M2,3, Ti−L2,3, and O−K edges are displayed, with significant features marked with letters a−d referred to in the text.
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plate, the ELNES of both the O−K and Ti−L2,3 edges confirms
the results of the diffraction experiments. The TiO2 plate
incorporates niobium, and the shape of the Nb−M2,3 edge
indicates the presence of octahedrally coordinated pentavalent
niobium, suggesting the replacement of titanium by niobium.
Photocatalytic Activity of the Different Morphologies.

As expected from the SEM images, Brunauer−Emmett−Teller
(BET) measurements confirm the high surface area of the
different morphologies, yielding 79 m2 g−1 for morphology A,
132 m2 g−1 for morphology B, and 173 m2 g−1 for morphology
C. Morphologies A and B show similar extinction spectra with a
strong absorbance below 390 nm, which fits the band gap of 3.2
eV reported for Nb3O7(OH).

24,29 For morphology C, the same
band gap was measured but an additional slightly enhanced
absorbance in the red spectral region (550−850 nm) is
observed. This is most likely related to the presence of oxygen
vacancies in the TiO2 plates (see Figure S11 of the Supporting
Information).38 Previous studies show the photocatalytic
activity of pristine Nb3O7(OH)

24,29 and also its photocatalytic
stability.26 However, a recent study proposes that proton
reduction is kinetically hindered on the surface of Nb3O7(OH)
as in most oxides.25 Therefore, in the present work, the
hydrogen production rate is measured on Pt-decorated 3D
hierarchical Nb3O7(OH) superstructures. The Pt decoration is
achieved by chloroplatinic acid treatment, and TEM inves-
tigations show homogeneous particle distribution for the
different samples. Statistical analysis reveals an average particle
diameter of 3.6 nm for morphology A, an average particle
diameter of 2.5 nm for morphology B, and an average particle
diameter of 3.3 nm for morphology C, but the overall particle
density appears similar (see Figure S12 of the Supporting
Information). Hence, the size variation between the different
samples is small, and therefore, its effect on the water-splitting
capability is neglected. To account for the size of the band gap
and to allow for efficient charge-carrier generation, a 600 mW
cm−2 xenon lamp, which emits 2.7−1.1 μW cm−2 nm−1 in the
spectral region of 280−390 nm (see Figure S13 of the
Supporting Information), is used to measure the hydrogen
evolution rate of the different morphologies. Undoped
Nb3O7(OH) yields a rate of 870 μmol g−1 h−1, which is
similar to the rate reported for Pt-decorated Nb3O7(OH)
nanowires that do not form a 3D arrangement.25 This rate
increases with increasing Ti concentration, featuring a rate of
1773 μmol g−1 h−1 for morphology B and 1988 μmol g−1 h−1

for morphology C (Table 1). The catalytic rates were
determined by measuring the evolved hydrogen in 1 h steps
for the first 5 h. In addition, some of the samples were
measured again after 25 h, and the hydrogen amount produced
after this time nicely matches the linear dependency discovered
for the shorter time frames, indicating the long-term stability of
the material (see Figure S14 of the Supporting Information).

To gain further insight into the effect of Ti doping on the
photocatalytic properties of the material, we investigated the
photoluminescence (PL) lifetime of the electronic states
populated upon optical excitation for the different morpholo-
gies (in the absence of platinum) using time-correlated single-
photon counting (TCSPC) (Figure 4a). Two-photon excitation
at 730 nm (1.7 eV) was provided by a Ti/Sa oscillator at a
repetition rate of 76 MHz, and the optical response of the
samples was detected for wavelengths shorter than 600 nm.
Ultrashort excitation pulses of 150 fs in combination with a fast
photodetector and timing electronics (see Figure 15 of the
Supporting Information) lead to a temporal resolution of about
3 ps.39 This technique allows us to detect changes in the
excited-state relaxation and helps to distinguish radiative and
non-radiative rate modifications. TCSPC transients were
recorded at five individual sample spots for each morphology
(see Figure S15 of the Supporting Information), and the
extracted PL lifetimes are averaged to minimize the influence of
material heterogeneities (Figure 4b). All samples showed
biexponential decay with time constants of around 6−10 and
150−200 ps for the short and long decay times, respectively.
For morphology A, an intensity-averaged lifetime of 54 ± 2 ps
is observed. Morphology B features a somewhat longer lifetime
of 64 ± 2 ps. For morphology C, an intensity-averaged lifetime
of 73 ± 4 ps is recorded.
From Figure 4, it thus becomes evident that, for increasing Ti

amounts incorporated into the superstructures, the excited-state
lifetime becomes longer. The enhanced PL lifetime for
increasing Ti amounts can be attributed to a reduction of
non-radiative losses and, with that, to a lower density of
quenching sites existing near the crystal surfaces. One possible
explanation could be that the replacement of Nb5+ by Ti4+

decreases the amount of hydroxyl groups required for charge
neutrality, featuring a lower hydroxyl concentration in the
crystal lattice of doped samples Nb3−xTixO7(OH)1−x. Hydroxyl
groups are known for acting as non-radiative recombination
sites.40,41 Therefore, the doubled H2 production rate of
morphology B compared to morphology A is most likely due
to a combination of the decreasing amount of recombination
sites and larger surface area of morphology B because neither of
the two morphologies contains TiO2. A further increase of the
H2 production rate, but less pronounced, is seen for
morphology C, which indicates that the presence of TiO2
plates observed for this morphology does not have a strong
effect on the photocatalytic reaction.

■ CONCLUSION
This study investigates the effect of titanium doping on the
morphology and properties of 3D hierarchical Nb3O7(OH)
superstructures and their performance as photocatalyst materi-
al. The integration of titanium at the octahedral lattice sites of
Nb3O7(OH) affects its crystallization, leading to reduced
growth rates, whereas the growth in the b and c directions is
affected more strongly than the growth in the a direction. It
seems that the modified shapes of the nanowires or altered
surface charges influence the interparticular forces, which drive
the organized self-assembly of the superstructures, because the
findings of this study yield no evidence for an involvement of
TiO2 islands at nanowire junctions. In the absence of titanium,
hollow cubes, which consist of highly ordered nanowire
networks, form. For a doping degree of 5.5 ± 0.7 at. % Ti,
the formation of hollow spheres constituted by smaller
nanowires is observed, while 10.8 ± 1.5 at. % Ti leads to

Table 1. H2 Production Rate, Surface Area, and PL Lifetime
for Different Nb3O7(OH) Superstructures, which Comprise
Different Titanium Amounts

Ti amount
(at. %)

surface
area from
BET

(m2 g−1)

PL lifetime
measured
via TCSPC

(ps)

H2 production
Xenon lamp
600 mW cm−2

(μmol g−1 h−1)

morphology A 0 79 54 ± 2 870
morphology B 5.5 ± 0.7 132 64 ± 2 1773
morphology C 31.2 ± 5.0 173 73 ± 4 1988
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cubic superstructures built up from small nanoplates. The
amount of titanium that can be incorporated into the crystal
lattice is limited to around 12 at. %, with further titanium excess
resulting in the formation of niobium-doped anatase TiO2
plates. These TiO2 plates grow on the surface of Nb3O7(OH)
nanowires which integrate into the anatase TiO2 plate, via
oriented crystal growth.
Morphologies formed in the presence of titanium show

higher photocatalytic H2 evolution rates than pristine
Nb3O7(OH) superstructures. PL lifetime measurements
indicate a lower density of quenching sites at the surface of
the crystals in the presence of titanium. This could be caused by
a reduced amount of hydroxyl groups, which is required to
achieve charge neutrality upon Ti doping. The substitution of
Nb5+ by Ti4+ means that fewer hydroxyl groups are needed for
charge balance [Nb3−xTixO7(OH)1−x], which is indicated by
enhanced PL lifetimes observed for morphologies B and C and
a shift in the d spacings observed in the XRD pattern. For
morphology B, no TiO2 crystal phase was discovered, so that
the doubled H2 evolution rate observed for this morphology
(1773 μmol h−1 g−1) compared to pristine Nb3O7(OH)
superstructures (870 μmol h−1 g−1) can be attributed to a
combination of a reduced density of quenching sites near the
surface and the increased surface area of morphology B.
Morphology C is overgrown by TiO2 plates, which form as a
result of excess Ti(IV) in the reaction solution. However, the
H2 evolution rate observed for this morphology is only slightly
higher than the H2 evolution rate of morphology B, indicating
that the presence of TiO2 does not significantly enhance the
photocatalytic activity.
Still, active band gap engineering is required to extend the

optical absorption of Nb3O7(OH) more toward the visible
regime, which would yield higher efficiencies.

■ ASSOCIATED CONTENT

*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.chemma-
ter.6b02470.

Materials and Methods section, EDX and ICP data for
morphology B, SEM images of all three morphologies,
XRD data, TEM data of all three morphologies, EELS
data, fast Fourier transform (FFT) data, ultraviolet/

visible (UV/vis) spectra for all three morphologies, H2
production rate of morphology B, and PL data (PDF)

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: c.scheu@mpie.de.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors acknowledge Tina Reuther for support on the
BET measurements, Christoph Heinzl for fruitful discussions
and support on the TEM measurements, Jim Ciston, Karen
Bustillo, Chengyu Song, Markus Döblinger, and Steffen
Schmidt for technical support on TEM, Jaroslava Obel for
the ICP measurements, and Prof. Thomas Bein, who granted
access to the X-ray diffractometer and UV/vis spectrometer.
Furthermore, financial support of the Center for NanoScience,
the German Excellence Initiative of the Deutsche Forschungs-
gemeinschaft (DFG) via the “Nanosystems Initiative Munich
(NIM)”, is gratefully acknowledged. Work at the Molecular
Foundry was supported by the Office of Science, Office of Basic
Energy Sciences of the U.S. Department of Energy under
Contract DE-AC02-05CH11231.

■ REFERENCES
(1) Ahmad, H.; Kamarudin, S. K.; Minggu, L. J.; Kassim, M.
Hydrogen from photo-catalytic water splitting process: A review.
Renewable Sustainable Energy Rev. 2015, 43, 599−610.
(2) Kudo, A.; Miseki, Y. Heterogeneous Photocatalyst Materials for
Water Splitting. Chem. Soc. Rev. 2009, 38, 253−278.
(3) Chen, X.; Mao, S. Titanium Dioxide Nanomaterials: Synthesis,
Properties, Modifications, and Applications. Chem. Rev. 2007, 107,
2891−2959.
(4) Weng, Z.; Guo, H.; Liu, X.; Wu, S.; Yeung, K.; Chu, P.
Nanostructured TiO2 for Energy Conversion and Storage. RSC Adv.
2013, 3, 24758−24775.
(5) Fujishima, A.; Honda, K. Electrochemical Photolysis of Water at a
Semiconductor Electrode. Nature 1972, 238, 37−38.
(6) Ni, M.; Leung, M.; Leung, D.; Sumathy, K. A Review and Recent
Developments in Photocatalytic Water-Splitting Using TiO2 for
Hydrogen Production. Renewable Sustainable Energy Rev. 2007, 11,
401−425.
(7) Wang, M.; Ioccozia, J.; Sun, L.; Lin, C.; Lin, Z. Inorganic-
Modified Semiconductor TiO2 Nanotube Arrays for Photocatalysis.
Energy Environ. Sci. 2014, 7, 2182−2202.

Figure 4. (a) Semi-log plot of TCSPC transients detected for the three different morphologies after pulsed two-photon excitation at 1.7 eV. The
inset, a zoom-in of the biexponential fits of the PL decay dynamics, shows longer PL decay times for an increasing Ti amount incorporated in the
superstructures. (b) Intensity-averaged lifetimes for the three different morphologies (for further details, see Figure S15 of the Supporting
Information). An increase of the intensity-averaged lifetime can be observed with increasing the Ti amount in the material.

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.6b02470
Chem. Mater. 2016, 28, 7666−7672

7671

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.chemmater.6b02470
http://pubs.acs.org/doi/abs/10.1021/acs.chemmater.6b02470
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.6b02470/suppl_file/cm6b02470_si_001.pdf
mailto:c.scheu@mpie.de
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.6b02470/suppl_file/cm6b02470_si_001.pdf
http://dx.doi.org/10.1021/acs.chemmater.6b02470
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(13) Hernańdez-Alonso, M.; Fresno, F.; Suaŕez, S.; Coronado, J.
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