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Herein, we designed vertically aligned TiO, nanotube arrays, in which
a very thin disordered overlayer approximately a few nm thick was
formed via a room-temperature solution process. At the optimal
overlayer thickness, the TiO, nanotube arrays yielded a photocurrent
density of up to ~1.75 mA cm 2 at 1.23 V vs. RHE, approximately
twice that of the pristine one.

Hydrogen is a clean energy source with a variety of applications,
such as heating systems, aircraft and vehicles. With the development
of production methods, solar energy takes on a new role as an
assistant power resource. Photoelectrochemical (PEC) water splitting
provides an approach for realizing this conversion, by storing solar
energy in hydrogen gas through an environmentally friendly
process.'™ This process was first demonstrated in 1972 by Fujishima
and Honda using titanium dioxide (TiO,) as the photoanode.” Since
this discovery, TiO, has been intensively studied for PEC water
splitting because of its favorable band edge positions, resistance to
photocorrosion, nontoxicity and low cost.>*™>

Meanwhile, in addition to its optical absorption limitation
within the ultraviolet region because of its large band gap, TiO,
also suffers from rapid electron-hole recombination at the
interface between the electrode and the electrolyte."*™ In this
case, the surface state of TiO,, primarily affecting the surface
charge transfer efficiency, is critical for the PEC performance.
To facilitate the surface charge transfer process, one strategy is to
add a heterojunction layer, using materials with an upper valance
band position compatible with that of TiO,."*™® With the driving
force from the upper junction layer, it is easier for the excited
electron-hole pairs to be separated. Another approach, without
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considering the band position for guest materials, is to apply an
oxygen evolution reaction (OER) co-catalyst layer.'*' The OER
co-catalyst can dramatically improve the hole transfer from the
photoanode to the electrolyte. In summary, a secondary overlayer
on TiO, has been investigated to improve the PEC performance.
However, an additional interface between TiO, and the overlayer
will cause some efficiency loss owing to unmatched crystal
structures.>>>* For instance, as demonstrated by Yang’s group,
an epitaxial rutile shell had a positive effect on the PEC perfor-
mance of rutile TiO, nanowires when compared with amorphous
and anatase TiO, shells.”*

In our previous research on the crystal engineering of Degussa
P-25, the rutile phase in an anatase/rutile mixture phase was
selectively disordered by a Li-EDA (Li dissolved in ethylenediamine)
solution.”® The disordered rutile phase facilitated the electron/hole
separation, and we observed the effective transfer of holes from the
photoanode to the electrolyte. In this work, via the excellent
reductive ability of the Li-EDA solution, one-dimensional vertically
aligned TiO, nanotube arrays grown on an FTO substrate, originally
serving as a host with good charge transport properties because
of their longitudinal direction®*>° and large effective surface
area benefiting the PEC performance, were modified to have an
ultra-thin disordered overlayer shell.*>*' The as-synthesized
TiO, nanorod arrays on an FTO substrate were converted into
nanotube structures via the chemical etching method, and a
disordered overlayer was formed on the surface of the photo-
anode by treatment with the Li-EDA solution to facilitate the hole
transfer process for more efficient water oxidation. A fabrication
schematic diagram is shown in Fig. S1 (ESIf). By adjusting
the treatment conditions in terms of time and solution concen-
tration, optimized TiO, nanotube photoanodes can be obtained
for efficient PEC water splitting.

Typical top and cross-sectional FE-SEM images of the TiO,
nanorods fabricated by the hydrothermal method are shown in
Fig. 1a and b. The nanorods are dense and vertically aligned with
a square facet of approximately 100 to 200 nm and a length of
approximately 4.7 um. After the TiO, nanorods were etched with
the acidic solution, TiO, nanotubes were obtained (Fig. 1c and d).
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Fig.1 Top-view SEM images of (a) TiO, nanorods and (c) TiO, nanotubes.
Cross-sectional SEM images of (b) TiO, nanorods and (d) TiO, nanotubes.

The dissolution rate of TiO, in the etching solution along the axial
direction is faster than along the side wall direction, resulting in
an open-ended structure.®® In this case, cavities can be observed
from the surface of the rectangular TiO, nanotubes from the
etching process, and the length of the formed nanotube was
shorter (3.6 um) than that of the original nanorod (4.7 um). The
wall thickness of the nanotubes can be estimated from Fig. 1 and
Fig. S2 (ESIT) and is approximately 30 nm. After further treatment
with the Li-EDA solution for different times and at various Li
concentrations, no notable morphological changes were observed,
which was confirmed by SEM observations, as shown in Fig. S3
and S4 (ESIf). In addition, no damage was observed in the
nanotube structure after the Li-EDA treatment, illustrating
its influence on only the disordering of the crystal structure.
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Fig. 2 TEM images of TiO, nanotubes treated with a 0.1 M Li-EDA
solution for different durations: 0's, 55, 10 s and 20 s.

13808 | Chem. Commun., 2016, 52, 13807-13810

View Article Online

ChemComm
(a) | Fro —Tio, (b)
—0.1M 55 ’;‘
3 o | &
S .
= L (10) L\ (11") <@ g
@ . A . .
§ A . A o
E . . . 3
__—J\-__JJJ\___L_ <
. X a .
20 30 40 50 60 400 500

20 (Degree) Wavelength (nm)

Fig. 3 (a) XRD spectra and (b) UV-vis absorption spectra of TiO, nano-
tubes treated with a 0.1 M Li-EDA solution for different durations: 0's, 5's,
10 sand 20 s.

To confirm this finding, a TEM investigation was conducted, as
shown in Fig. 2, in which the surface crystal structures of the
TiO, nanotubes were disordered by the Li-EDA treatment and
could be easily distinguished from the rutile phase with a
certain lattice constant. The thickness of the disordered layer
increased according to the treatment time. By adjusting the
concentration of the Li-EDA solution, the thickness of the
disordered layer also shows similar regularity (Fig. S5, ESIf).
The thickness values are illustrated in Fig. S6 (ESIT).

As the crystal structure of rutile TiO, cannot be well defined
by TEM images, X-ray diffraction (XRD) spectra were recorded
for samples with and without treatment in the Li-EDA solution
(Fig. 3a). The XRD data showed peaks centered at 27.40°,
36.05°% 41.29°, and 54.38°, which, respectively, correspond to
the (110), (101), (111), and (211) diffraction peaks of rutile TiO,
(JCPDS No. 21-1276); the peaks labelled by asterisks represent the
FTO phase. Because of the very low thickness of the disordered
layer on the rutile nanotubes, no notable changes were observed
between the samples with and without the Li-EDA solution
treatment, which may be indicative of the disordered state on
the surface of the treated samples. To evaluate the thin disordered
layer, the influence of the disordered layer on the light absorption
ability of the TiO, nanotubes was also investigated (Fig. 3b).
In the UV-vis absorption spectra, no observable absorption
behavior changes were found owing to the introduction of the
disordered layer.

The surface state of the Li-EDA-treated TiO, nanotubes was
confirmed by X-ray photoelectron spectroscopy (XPS), as shown in
Fig. 4. The Ti 2p peaks gradually shifted to lower binding energies
with increasing Li-EDA treatment time (Fig. 4a). These results may
be ascribed to the unsaturated ionic bond of O-Ti, in agreement
with reduced TiO, cases.* In the O 1s spectra (Fig. 4b), an increase
in the negative shift of binding energy with longer Li-EDA treat-
ment time indicates more oxygen vacancies compared with
pristine TiO, nanotubes, resulting from electrons being trans-
ferred to the neighboring oxygen vacancies.** The results imply
that the Li-EDA treatment gives rise to an intrinsic electronic
structure change, which is likely due to the disordered surface
layer. The valence band (VB) XPS spectra were also recorded, as
shown in Fig. 4c—f, showing that the VB maxima of the TiO,
nanotubes treated with the Li-EDA solution for 0s, 5 s, 10 s and
20 s are 1.97 eV, 1.95 eV, 1.90 eV and 1.85 eV, respectively. The
upshift of the VB position is closely related to the disordered
layer thickness, which can be considered as a VB offset between

This journal is © The Royal Society of Chemistry 2016


https://doi.org/10.1039/c6cc07611d

Published on 02 2016. Downloaded by Fail Open on 23.07.2025 10:30:33.

ChemComm

(a) (b)

Tizp,, Ti2p o O1s

) Tizp,,
i 0.1M 208 ] 0.1 208
|

1
h H
' 0.1M 108 H 0.1M 108
| H

'
'
'
l
'
'
'
'
'
'

)
H
' 01 5 H 0.1M 55
\
L4 1

456 458 460 462 464 466 528 530 532 534
Binding Energy (eV) Binding Energy (eV)
(© (d)

T
'
' Tio,
'

l 0.1M 5s

5 10 15

15 40 5 0
Binding Energy (eV)

40 5 0 5 10
Binding Energy (eV)

0.1M 10s / 0.1M 20s

{
{

/ [
—"j 1.90 eV F185ev

40 5 0 5 10 15 -0
Binding Energy (eV)

Fig. 4 (a) Ti 2p, (b) O 1s and (c—f) valence band XPS spectra of TiO,
nanotubes treated with a 0.1 M Li-EDA solution for different durations: O s,
55,10 sand 20 s.
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the ordered region and the disordered region. According to our
previous report, the fully disordered rutile TiO, has a maximum
VB position upshift of 2.22 eV.>® Therefore, the high carrier
injection ratio properties lead to a VB offset that lies in the
middle of the VB positions for ordered and disordered TiO,.
As a result, the upshift of the VB position may cause photo-
generated holes to be efficiently transferred from the inner
TiO, to the outer disordered layer.

To illustrate the above analyses, photocurrent density vs.
potential (J-V) curves, reflecting the PEC ability of the TiO,
photoanodes, are shown in Fig. 5 and Fig. S7 (ESIt). In the
photocurrent densities, all of the samples treated with Li-EDA
solution show enhanced PEC abilities, illustrating the effect of
the disordered overlayer. By comparing different treatment
times and solution concentrations, the optimized conditions
were found to be 0.1 M and 10 s. The TiO, nanotubes treated
under these conditions yielded a maximum photocurrent density
value of 1.75 mA cm™ > at 1.23 V vs. RHE, which is approximately
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Fig. 5 (a) Linear and (b) chopped photocurrent—potential (J-V) curves of
TiO, nanotubes treated with a 0.1 M Li-EDA solution for different dura-
tions: 0's, 55,10 sand 20 s.
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Fig. 6 (a) Mott—Schottky plots of pristine TiO, and TiO, optimally treated
with a Li-EDA solution. (b) Amplified Mott—Schottky plots of TiO, optimally
treated with a Li-EDA solution.

two times that of the pristine TiO, nanotubes. The thickness
of the disordered layer for the optimal sample was 2.8 nm,
illustrating that a thinner overlayer may not achieve the max-
imum contribution while a thicker overlayer may reduce the
transfer efficiency. In addition, the PEC performances of the
TiO, nanorods with and without Li-EDA treatment were
also measured for comparison (Fig. S8, ESIt), illustrating the
advantages of the open-ended structure.

Electrochemical impedance measurements were carried out
to further investigate the effect of the disordered layer on the
TiO, nanotubes treated with a Li-EDA solution. Fig. 6 shows
the Mott-Schottky plots of the pristine TiO, nanotubes and
TiO, nanotubes treated with the optimal Li-EDA solution.
A Mott-Schottky analysis was performed in the dark to find
the flat band potential, Vg, and the donor concentration, Ng.
The donor densities can be calculated by utilizing the slope
of the Mott-Schottky plot through the following equation:

Na=——[d(1/c*)/av]™"

£€0€0)

where Ny is the donor density, e, is the electron charge, ¢ is the
dielectric constant of TiO, (¢ = 83),> ¢, is the permittivity of
vacuum, and V is the applied potential. The two TiO, samples
showed a positive slope in the Mott-Schottky plots, which
is characteristic of an n-type semiconductor.>® The decrease
in the slope indicates that the donor densities increased, as
shown in the above equation.’® The calculated donor densities
of pristine TiO, and TiO, treated under optimal conditions
were 1.01 x 10" cm™> and 8.02 x 10*" em >, respectively. The
donor density increased by three orders of magnitude because
of the oxygen vacancies that serve as electron donors, which
would enhance the charge transfer and electrical conductivity,
i.e., two crucial contributions to the photocurrent density. In
addition, the flat band potential for the TiO, nanotubes treated
with the Li-EDA solution shifted cathodically from 0.18 V to
0.09 V vs. RHE, suggesting an upward shift of the Fermi level.
This negative shift facilitates charge separation at the semi-
conductor-electrolyte interface by increasing the degree of
band bending at the TiO, surface.

Based on the above analyses, a diagram of the working process
for the TiO, disordered overlayer is shown in Fig. 7a. With the
outer driving force for pushing holes and the improved interface
charge transfer properties, the charge separation efficiency at the
semiconductor-electrolyte interface can be enhanced. For further
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Fig. 7 (a) Illustration of the energy levels and charge transfer in Li-EDA-
treated TiO, nanotubes. (b) EIS responses of TiO, and TiO, treated with a
Li-EDA solution measured in 1 M NaOH at 1.23 V vs. RHE. The responses
are recorded as Nyquist plots. The inset shows an equivalent circuit.

demonstration, electrochemical impedance spectra were recorded as
Nyquist plots at 1.23 V vs. RHE in 1 M NaOH under 100 mW cm >
illumination (Fig. 7b). The inset shows the diagram of an equivalent
circuit, and the R value is given in Table S1 (ESIt). The R, value for
pristine TiO, nanotubes is 16 489 Ohms, whereas the value for the
TiO, nanotubes treated under optimal conditions is 9521 Ohms. As
the R, value signifies the charge transfer resistance at the photo-
anode-electrolyte interface, the overlayer decreases that resistance,
corresponding to facilitation of the surface charge transfer process.

In conclusion, vertically aligned rutile TiO, nanotube arrays, with
good charge transport properties and a large effective surface area,
are a good candidate for disordered overlayer engineering to
improve PEC performance. The optimally modified TiO, photoa-
nodes produced a photocurrent density of up to 1.75 mA cm™ 2 at
1.23 Vvs. RHE. This result can be attributed to the enhanced surface
charge transfer efficiency achieved with the assistance of a uniformly
generated disordered overlayer, partially resulting from the open
structure of the vertically aligned nanotube arrays. Further perfor-
mance improvements can be expected by optimizing the length of
the nanotube arrays. We believe that this simple processing method
will further enable broad applications of photocatalytic materials.
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