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ARTICLE INFO ABSTRACT

Keywords: The construction of semiconductor composites is known a powerful method to realize the spatial separation of
Chemical connection electrons and holes, which results in more electrons or holes dispersing on the surface, accompanying a charge
Ti—C bonds

transfer and further extending the region of charge depletion at the interface between these two components of
the composite. However, most of them are based on a random accumulation connection of two different crystals
and there are obvious empty spaces, which are formed as deplete layer to hinders the charge transfer to a large
extent. In order to shorten the charger transfer path and make a direct charge transform from interface to
surface, a chemically bonded interface in the composite is more reasonable. In this work, using one-dimensional
TiO,-C composite nanorods with a Ti—C chemically bonded interface as a touchstone, which was prepared
through a simple carbonized process, the above strategy for better semiconductor photocatalytic water splitting
property has been realized.

Depletion layer
Charge separation
Photocatalytic water splitting for H»

1. Introduction

In recent years, semiconductor photocatalysis have emerged as an
important material in converting solar irradiation to hydrogen energy
[1-3]. However, there two most important problems to be resolved: I)
Engineering the semiconductor’s band-gap for the visible-light absorp-
tion. In order to deal with this, many efficient works based on the
compositing or doping method have been conducted [4-6]; II)
Providing more free electrons on the surface. Higher concentration of
electrons favors the following redox reaction from the points of both
kinetics and thermodynamics. The construction of suitable semicon-
ductor composites is known a powerful method to realize the separa-
tion of electrons and holes, which results in more electrons or holes
dispersing on the special surface, accompanying a charge transfer and
further extending the region of charge depletion at the interface
between these two components of the composite [7,8]. Up to now,
many semiconductor composites composed of different elements,
morphologies, or dispersion states have been reported with improved
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photocatalytic activities [3,9—11]. However, most of them are based on
a random accumulation of two different materials and there are
obvious empty spaces, which are formed as depletion layer to hinder
the charge transfer to a large extent, additional energy is needed for the
charge to cross the depletion layer [12,13], as shown in Scheme 1. A
bonded structure based on a chemical connection is undoubtedly a
feasible way to resolve the above problem, because the sufficient
chemical connection will absolutely eliminate the depletion layer
between the two different components in the composite, as shown in
Scheme 1. In this work, using one-dimensional TiO,-C composite
nanorods with a Ti—C chemically bonded interface as a touchstone, the
above strategy for better semiconductor photocatalytic water splitting
property has been validated.

Among a large variety of semiconductor materials, titanium dioxide
(TiO,) has been proven to be one of the most excellent photocatalyst for
water splitting due to its good chemical stability, low cost, non-toxicity,
and abundance in nature [4—6]. However, the photocatalytic efficiency
of pristine TiO, is quite low because of its large band gap and high
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Scheme 1. The charge transfers in TiO»-C and TiO»/C nanorods. (a) TiO,/C nanorods
without a chemically bonded interface; (b) TiO»-C nanorods with a chemically bonded
interface; (c) The role of Ti—C bond in the separation of electron and hole.

recombination rate: approximately 90% of the photoelectrons and
holes generated in it recombine within 10 ns [14]. In the past decades,
significant efforts have been devoted to resolving the above problems,
such as scale-downing the particle size to nanometer, doping with
metal or non-metal, constructing heterostructure [15-18]. Among
those, carbon modified TiO» composite materials exhibit outstanding
solar-driven hydrogen production activities because of their relatively
rapid separation and transfer of photo-induced carriers depended on
the carbon materials’ excellent conductivities [19-23]. However,
though some works have proved the formation of Ti—C chemical bonds
between TiO», and carbon materials [24—28], the utilization of this
chemically bonded interface for promoting its photocatalytic water
splitting property is not reported. Based on the theory analysis in
Scheme 1, this special composite structure will efficiently facilitate the
interfacial electron transfer and electron-hole separation due to
suppressing the potential barrier (AE). In addition, the chemically
bonded composite is more stable due to the strong chemical connec-
tion. Inspired by the important role of chemically bonded interface, we
chose anatase TiO» nanorods as model semiconductor and used
hydroquinone as the carbon source, and have constructed TiO»-C
core-shell nanorods with a Ti—C chemically bonded interface and
TiO,/C nanorods without a chemically bonded interface. And it was
found that TiO,-C nanorods achieved a 48.9% electron-hole separation
efficiency under a 420 nm light and the carrier densities was up to
13.9x10'® em™. As a result, the TiO,-C nanorods’ rate of visible-light
driven  photocatalytic =~ water  splitting for H, generation
(7294 pmol h™! g™!) is about 12 times of that of TiO,/C nanorods
(605 pmol h™t g™1).

2. Results and discussions
2.1. Structures and compositions of the products

To study the chemical composition and valence state of the
elements in the TiO,, TiO,-C and TiO,/C samples, XPS analysis was
conducted firstly. The full range of XPS spectra of TiO»/C and TiO»-C
(Fig. S1), and Table S1 reveal that the sample is solely constituted of Ti,
O and C in the absence of any contaminants. Fig. 1a, b and ¢ show the
Ti 2p and C 1s spectra of the raw TiO, and TiO,-C nanorods,
respectively. From Fig. 1b of the TiO,-C sample, it can be seen that
except two peaks centered at 458.6 and 464.5 eV of Ti 2p3/» and Ti 2py,
> [29], there are two additional peaks located at 460.3 eV and 466.2 eV
compared with that of raw TiO», which are ascribed to the formation of
a chemical bond (Ti—C bond) between titanium and carbon [30].
Accordingly, the formation of the Ti—C bonds is also confirmed by its C
1s spectra. As shown in Fig. 1c, the binding energy of 284.8 €V can be
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assigned to sp® hybridized carbon in the graphene state [28], and
another two peaks centered at the binding energies of 286.5 and
288.6 eV are attributed to C—O and C=O bonds [31,32]. Moreover, a
distinct peak located at 281.6 €V is also found, which further indicates
the formation Ti—C bonds [33]. In addition, we do not found any peak
corresponding to Ti>*, which indicates that TiO, is not reduced in the
hydroquinone carbonization process. Compared with the XPS results of
TiO,-C, the formation of Ti—C bond is not found in that of TiO,/C
sample (Fig. S2). In addition to the above XPS analysis, energy
dispersive X-ray spectroscopy (EDX) mapping is also carried out to
verify the element distribution in the as-expected TiO»-C sample. As
shown in Fig. 1d-g, it clearly shows that Ti, O and C elements are
distributed uniformly in a typical TiO»-C nanorod, which confirms the
full coverage of carbon on the sample.

The compositions of the resultant samples are further characterized
by XRD measurements, as shown in Fig. 2a. In Fig. 2a, it can be clearly
seen that all the diffraction peaks of the TiO,, TiO,-C and TiO»/C
samples are well indexed to an anatase phased TiO, (JCPDS No. 21-
1272). From the corresponding enlarged profiles in Fig. 2b and S3, it
can be observed that all diffraction peaks of the TiO,-C nanorods
slightly shift to higher degree compared with that of pristine TiO, and
TiO,/C, which should be ascribed to the shrink during the carboniza-
tion process and the stress induced by Ti—C bonds between TiO» and
carbon layers. Raman spectroscopy examination is also used to confirm
the carbon’s status, as illustrated in Fig. 2c. The characteristics peaks
located at 143 cm™! (Eg), 392 cm™! (Byg), 512 cm™t (A1g+B1g) and
633 cm™! (E,) are corresponded to anatase TiO, [34]. In the spectrum
of TiO,/C sample, two peaks centered at 1345 and 1558 cm™! (Fig. 2¢
inset) are displayed and assigned to the D and G peaks of carbon, which
confirms that amorphous carbon layer is successfully assembled on
[35]. Compared with the carbon spectrum of TiO,/C sample, it is
obvious that the D and G peaks of the TiO»-C sample shift rightly to
1379 and 1569 cm™!, which is due to the stress induced by Ti—C bonds
between TiO» and carbon layers [30]. In addition, from the integrated
intensities ratios of D and G peaks (Ip/Is), the ratio of the TiO,-C
sample is 1.04, which is bigger than that of TiO,/C sample (0.99). The
higher ratio indicates a weakly ordered graphitic microstructure
induced by the stress originated from Ti—C bonds between TiO, and
carbon layers. Fourier transform infrare (FTIR) spectra of the as-
obtained TiO,, TiO,/C and TiO,-C samples are shown in Fig. 2d. It is
seen that a peak centered at 3402 cm™" is ascribed to O-H stretching
vibration originated in the surface -OH groups [36]; two peaks at 2927
and 1325 cm™! are attributed to the C—H stretching vibration [37]; C—
C stretching vibration at 1635 ecm™ of surficial carbon layer is also
found [36]. Notably, compared with TiO,/C, a different peak at
802 cm™! of Raman spectrum of TiO,-C sample is observed, indicating
the formation of Ti—C bond [26]. In summary, all the above results
prove the formation of Ti—C bond in the TiO,-C sample.

To investigate the morphologies and microstructures of the sam-
ples, scanning electron microscopy (SEM), transmission electron
microscopy (TEM) and high-resolution transmission electron micro-
scopy (HRTEM) examinations are carried out. Fig. 3a and b show the
typical SEM images of the TiO, and TiO,-C nanorods respectively, in
which it can be seen that the nanorods are ~20 nm in width and
~500 nm in length with a relative smooth surface. The inset in Fig. 3a
and b are the TEM images of typical nanorods of TiO, and TiO,-C
samples, respectively. After carbonization, the diameter of TiO,
nanorods increased from 16.7 to 17.4nm (TiO,-C sample) and
17.7 nm (TiO,/C sample, Fig. S4), which demonstrates the carbon
layers on surface of TiO, nanorods are fairly thin. Compared with TiO»
nanorods, TiO»,-C nanorods become more rough, which will increase
the effective surface area available for the photocatalytic reaction. It is
also demonstrated by their N, adsorption—desorption isotherms, as
shown in Fig. S5. The as-synthesized TiO»-C sample shows a larger
specific surface area (109.48m2g ') compared with TiO,
(83.76 m?g™!) and TiO,/C (96.16 m?>g™!) samples. This can be
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Fig. 1. XPS and TEM related examinations of TiO» nanorod precursor and TiO»-C product. (a) Ti 2p spectra of the TiO, nanorod precursor; (b) and (¢)Ti 2p and C 1 s spectra of the
TiO,-C nanorod sample; (d)-(g) TEM image of a typical TiO»-C nanorod and its corresponding EDX element mappings of Ti, O and C elements.
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Fig. 2. (a) XRD patterns of TiO,, TiO,/C and TiO,-C. (b) Enlarged (101) diffraction peaks in the above XRD patterns. (¢) Raman spectra of TiO»/C and TiO»-C. (d) FTIR spectra of TiOo,

TiO,/C and TiO,-C.

ascribed to the deformed carbon layer of TiO,-C sample pulled by the
Ti-C bonds, which results in a more rough surface. It is also confirmed
in Raman’s results. The HRTEM images of TiO,-C in Fig. 3c clearly
reveals a lattice fringe spacing of 2.36 A, corresponding to the (004)
plane of anatase TiO». In contrast, regard to TiO»/C, the lattice fringe
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spacing of (004) plane is 2.45 A (Fig. S4). The above difference further
discloses the compressive strain emanated from Ti—C bonds, which is
consistent with their XRD results. Moreover, it is also observed that the
carbon shell on the TiO,-C surface is compose of 2 carbon atom-layers
with a 3.36 A d-spacing of the (002) plane of graphitic carbon.
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Fig. 3. (a) SEM image of TiO, nanorod precursor, the inset shows its TEM image of a typical nanorod; (b) SEM image of TiO,-C nanorods, the inset shows its TEM image of a typical
nanorod; (c) and (d) HRTEM image and its enlarged HRTEM image of a typical TiO,-C nanorod.

Importantly, the distance from TiO» nanorod fringe to carbon sheet is
1.79 A (Fig. 3d), which well agrees with the Ti—C chemical bond length
reported in literature [38].

2.2. Chargers’ separation in the products

To investigate the efficiency of charger separation and transporta-
tion in the as-obtained TiO, based semiconductors, photoluminescence
(PL) measurements have been used firstly, as shown in Fig. 4a. It can
be seen that the PL intensity at 320 nm of the unmodified TiO, is
highest in three samples, which indicates the highest recombination
rate of excited electron—holes. After modified by coating graphitic
carbon, the recombination of an excited electron—hole in TiO, is
effectively inhibited, remarkably so in TiO»-C. This demonstrates that
the chemically bonded interface in the TiO,-C sample realize a highly
efficient spatial separation of electrons and holes. Furthermore, we
measured the charge separation efficiency through a method recently
reported, in which H>0- is used as a hole scavenger [39]. As shown in
Fig. S6, it is found that the charge separation efficiency (CSE) of TiO,/C
sample is only 9.6% under visible-light irradiation (420 nm). In
contrast, in the same conditions the CSE of TiO,-C is elevated to 5
times (48.9%), which is much higher than that of TiO,/C. After four
cycles, the TiO»-C sample still retains the initial high charge separation
efficiency. Based on the above experimental results, it is affirmatively
proved that Ti—C chemical bonds in TiO,-C remarkably promote the
separation of electrons and holes. After that, their photocurrent
measurements are also performed at a fixed bias potential of 0.1 V.
As depicted in Fig. 4b, the transient photocurrent density of the TiO»
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nanorods is only 0.08 mA cm™2. After carbon coating, the photocurrent
density of TiO, nanorods strongly improved (TiO,/C: 0.17 mA cm™2,
TiO»-C: 0.57 mA cm™2). Notably, when light is switched on, the
photocurrent respond of TiO»-C is much faster than that of the TiO»/
C, implying that in TiO,-C more electrons are generated and trans-
ferred due to the existence of Ti—C chemical bonds at their interface. As
a complementary experiment, electrochemical impedance spectra (EIS)
(Fig. 4c and d) are measured at a 5 kHz frequency in the dark and
under a 420 nm irradiation. It is clear to seen that the arc radii under
irradiation are much smaller than those in the dark. Under irradiation,
TiO,-C sample shows much smaller radii of the semicircular Nyquist
plots compared to that of TiO,/C, which further confirms the improved
separation efficiency of electron hole-pairs in TiO,-C nanorods [28,40].
To further ascertain the separation effect of electrons and holes in
TiO5/C and TiO»-C nanorods, Zeta potential measurements via an on-
off cycle of white-light irradiation are performed. As shown in Figs. S7
and S8, for TiO,/C nanorods, its Zeta potential is centered at —2.64 eV
when the light is off, which is relatively close to that of TiO»-C nanorods
(-2.85 eV). However, when the light is on, the Zeta potential of TiO,-C
nanorods is turned to —6.95 eV, which is much lower than that of TiO»/
C nanorods (—4.97 eV), confirming that more electrons are transferred
onto the surface (carbon shell) in TiO,-C nanorods. To further
investigate the charge properties of the samples, a Mott-Schottky
method has been used. Fig. S9 shows the Mott-Schottky plots of the
samples obtained by us, characterizing that their Fermi level are about
-0.88 and -0.61 V (vs NHE) for TiO,/C and TiO,-C, respectively. And
the slopes of the plots are both positive, which indicate that they are n-
type semiconductor. Additionally, from the slope of Mott-Schottky
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Fig. 4. (a) PL spectra of TiO,, TiO,/C and TiO,-C; (b) Photocurrent density of TiO,, TiO»/C and TiO,-C;(c) and (d) EIS Nyquist plots of the TiO,, TiO»/C and TiO,-C in the dark and

under irradiation.

plots, their carrier densities are calculated using the Equation [41]:

2 /d(l/CZ)
e €e€g dv (€]

where Ny and C are the carrier density and interfacial capacitance,
respectively, e is the electronic charge, ¢ is the dielectric constant of the
semiconductor, &, is the permittivity of free space, V is the applied
voltage. The calculated carrier densities of TiO»/C and TiO»-C were
1.42x10'® and 13.9x10'® cm™, respectively. The higher the carrier
density, the faster the carrier transport is. The carrier densities of TiO»-
C is about 10 times of that of TiO/C, so internal carrier transmission
in TiO,-C is faster, which also agrees with their photocurrent
responses.

Nd=

2.3. Photocatalytic properties of the products

To gain deeper insight into the electron transfer process, we have
also characterized the energy band structures of TiO,/C and TiO»-C
nanorods. Through a UV-vis DRS of TiO,, TiO,/C and TiO,-C
nanorods, as shown in Fig. 5a, it can be seen that the addition of
carbon shell induces the increasement of visible light absorption, which
is also found in previous studies [26—28]. More importantly, when Ti—
C chemical bonds are introduced into the nanorods, the absorptions
from UV region to visible-light region are obviously enhanced. Based
on the plot of the transformed Kubelka-Munk function of UV-vis DRS
(Fig. 5b and S10), the band gaps of TiO,/C, TiO,-C and TiO, are
characterized as 3.18, 2.58 and 3.18 eV, respectively. The narrowed
band gap with a decreased 0.6 eV in TiO,-C is smaller than those
previously reported in literatures of TiO» coated by carbon [21,22, 27],
as shown in Table S2. It further confirms the advance of TiO,-C
composite. The energy band structures are further ascertained by XPS
measurements. Their valence band (VB) spectra are shown in Fig. 5¢. It
is seen that the VB top of TiO,/C and TiO,-C are 1.10 and 0.77 eV
below the Fermi level (Ep), respectively (Fig. 5¢). After calibration with
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reference Fermi level, actual valence band values of TiO,/C and TiO,-C
nanorods are 2.08 and 1.48 eV versus normal hydrogen electrode
(NHE). Compared with TiO,/C, TiO,-C shows a 0.6 eV upward shift in
the valence band top, which is the origin of the formation of Ti—-C
bonds. From the above determined VB tops and band gaps obtained in
UV-vis absorption measurements, the energy band structures vs NHE
of TiO,/C nanorods and TiO,-C nanorods are indexed, as shown in
Fig. 5d. The narrowed VB should be due to the change of the electrons’
status compared with pure TiO», which is induced by the hybridization
of C 2p with Ti 3d orbitals. All the above experimental results and
analysis indicate that the as-obtained TiO,-C sample should have
excellent photocatalytic property, especially for reducing reactions. So
their catalytic abilities for hydrogen evolution through photocatalytic
water-splitting process are measured. As shown in Fig. 5e, the H,
evolution rate of TiO,-C catalysis is around 7294 umol h™* g! and the
quantum efficiency is 15.6% at 420 nm, which is significantly higher
than those of TiO,/C (605 umol h™! g71, 3.1%). Meanwhile, the TiO,-C
nanorods also retain high photocatalytic activity after ten cycles of 40 h
reaction, which proves the catalytic stability of this material. Based on
the above results, a mechanism for the photocatalytic water splitting
for H, generation is proposed in Fig. 5f.

3. Conclusions

In summary, TiO,-C nanorods with a Ti—C chemically bonded
interface have been synthesized using TiO» nanorods as the template.
As expected by us, an enhanced spatial separation of electrons and
holes has been realized compared with TiO»/C nanorods without Ti—C
connnection, which results in more active electrons generated on the
composite’s surface for the following catalytic reaction. Therefore, the
visible-light driven photocatalytic water splitting for H, generation
based on TiO,-C nanorods shows higher rate and good stability. This
strategy for the spatial separation of electrons and holes based on the
construction of chemical bond opens a new window for this field.
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Fig. 5. (a) UV-vis DRS of TiO», TiO»/C and TiO,-C samples. (b) Optical band gaps determined by the UV—vis DRS. (c¢) Valence-band spectra measured by XPS. (d) The band structures
of the TiO,/C and TiO,-C samples. (e) Visible-light driven photocatalytic water splitting for H, generation in 10 repeated cycles (4 h/cycle). (f) Proposed mechanism for the

photocatalytic water splitting for H, generation of TiO,-C sample.
4. Experimental section
4.1. Preparation of TiO» nanorods

All the chemicals were of analytical grade. TiO, nanorods were
synthesized using an alkaline hydrothermal process. TiO> nanorods
were synthesized according to the literature [42].

4.2. Preparation of TiO»-C and TiO,/C nanorods

TiO,-C nanorods were prepared by a vacuum infiltration process.
Based on previous study [43,44], it is easy to form -OH on the surface
of TiO, nanorods by using water as the solvent in the heat treatment
process, which is unfavourable for the formation of Ti—C chemical
bonds between TiO, and carbon materials. Therefore, in this study, we
use ethanol as solvent in the preparation of TiO,-C nanorods. In a
typical procedure, 0.4 g hydroquinone was mixed with 40 mL ethanol.
After that, 1 g TiO» nanorods was added into the above solution under
high purity nitrogen gas and stirred for 4 h. Then, a powder was
collected by a filter process and washed with distilled water and ethanol
for several times to remove excessive hydroquinone. Finally, the
resulting sample was carbonized at 500 °C for 6 h under argon atmo-
sphere with a heating rate of 5°Cmin~!. TiO,/C nanorods were
synthesized through a similar procedure, in which only water was used
instead of ethanol.
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