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ABSTRACT: In this article, we report that the combination of microwave
heating and ethylene glycol, a mild reducing agent, can induce Ti** self-doping
in TiO,. A hierarchical TiO, nanotube array with the top layer serving as TiO,
photonic crystals (TiO, NTPCs) was selected as the base photoelectrode. The
self-doped TiO, NTPCs demonstrated a 10-fold increase in visible-light
photocurrent density compared to the nondoped one, and the optimized
saturation photocurrent density under simulated AM 1.5G illumination was
identified to be 2.5 mA cm™ at 1.23 V versus reversible hydrogen electrode,
which is comparable to the highest values ever reported for TiO,-based
photoelectrodes. The significant enhancement of photoelectrochemical
performance can be ascribed to the rational coupling of morphological and
electronic features of the self-doped TiO, NTPCs: (1) the periodically
morphological structure of the photonic crystal layer traps broadband visible
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light, (2) the electronic interband state induced from self-doping of Ti** can be excited in the visible-light region, and (3) the
captured light by the photonic crystal layer is absorbed by the self-doped interbands.
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1. INTRODUCTION

In situ self-doping with homospecies, T, is regarded as one of
the promising strategies to enhance the photoelectrochemical
(PEC) performance of TiO,-based photoelectrodes.'™* The
self-doping method does not involve significant structural
disturbance and thus leads to reduced defect formation as
compared with heteroelements doping (e.g,, C, N, and F).>~”
The Ti** self-doped TiO, photoelectrodes have demonstrated
both improved visible-light absorption because of the interband
states of the Ti’* oxygen vacancy and increased electrical
conductivity because of the high donor density, leading to
enhanced PEC performance within both the visible and UV-
light regions.'""

The previously reported TiO, self-doping methods were
focused mainly on hydrogenation,'>™'* heating in reducing gas
(CO or NO),' laser irradiation,'” and hi%h-energy-particle
bombardment (Ar* ions or electrons),"®'® all of which
necessitated harsh synthetic conditions or expensive facilities.
Ye et al. reported a chemical reduction method to synthesize
reduced TiO, in which sodium borohydride, a toxic and harsh
reducing agent, was involved.”® Hence, developing a simple,
environmentally friendly, and economical strategy to synthesize
a stable Ti*" self-doped TiO,-based photoelectrode is still a big
challenge. Very recently, our group developed a versatile
electrochemical-induced Ti** self-doping strategy, and a

In the present work, we report that the combination of
microwave heating and ethylene glycol (EG), a mild reducing
agent, can induce Ti** self-doping in TiO,. Microwave heating
has recently attracted significant interest in the field of material
synthesis owing to its fast and well-controlled heating rate,
homogenous heat distribution, and energy efficiency.”* >
Typically, the heating task that requires several hours to
complete under conventional heating (e.g, oven heating and
oil-bath heating) can be achieved within minutes under
microwave heating. EG was selected because of its good
reduction activity under heating, nonflammability, and environ-
mentally friendly properties.”® A hierarchical TiO, nanotube
array with the top layer serving as TiO, photonic crystals (TiO,
NTPCs), which are able to trap visible light, was selected as the
base photoelectrode to enhance further its visible-light PEC
performance. The TiO, NTPCs were synthesized by a facile
two-step anodization method and then self-doped through EG
reduction in a microwave process (MWR-TiO, NTPCs).

2. EXPERIMENTAL SECTION

2.1. Chemicals and Materials. A 2 mm thick titanium sheet
(99.6%, Strem Chemicals) was cut into pieces of 25 X 10 mm?
Ethylene glycol (EG), ammonia fluoride (NH,F), and potassium
hydroxide (KOH) were purchased from Acros Organics and used as
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Figure 1. SEM images of the (a) large-scale top view of the MWR-TiO, NTPCs; the inset shows a cross-sectional view with top-ring/bottom-tube
structures and (b) high-magnification top view of the MWR-TiO, NTPCs. (c) UV—vis diffuse reflectance absorption spectra of the TiO, NTPCs
and MWR-TiO, NTPCs; the inset presents a digital photo of the MWR-TiO, NTPCs. (d) XRD patterns of the TiO, NTPCs and MWR-TiO,
NTPCs. (e) XPS core level of Ti 2p;, after argon sputtering of the TiO, NTPCs and MWR-TiO, NTPCs. (f) EPR spectra of the TiO, NTPCs and

MWR-TiO, NTPCs.

received. All aqueous solutions were prepared using deionized (DI)
water with a resistivity of 18.2 MQ cm prepared by a Millipore system.

2.2. Preparation of the MWR-TiO, NTPCs. The hierarchical
TiO, NTPCs were fabricated by a two-step anodization process. Prior
to anodization, the Ti sheets were first degreased by sonicating in
ethanol and room-temperature DI water followed by drying in a pure
nitrogen stream. The anodization was carried out using a conventional
two-electrode system with the Ti sheet as the anode and Pt mesh
(Aldrich, 100 mesh) as the cathode, respectively. All electrolytes
consisted of 0.65 wt % NH,F (the concentration of NH,F used in this
study was higher than in our previously work (0.50 wt %)>' because it
was found that a higher concentration of NH,F was helpful for
increasing the uniformity of the TiO, NTPCs) in EG solution with 2%
(v/v) water. All anodization was carried out at room temperature. In
the first step of the anodization, the Ti sheet was anodized at 60 V for
30 min, and then the as-grown nanotube layer was ultrasonically
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removed in DI water. The same Ti sheet then underwent the second
anodization at 20 V for 30 min, then 25 V for 30 min, and finally, 30 V
for 30 min. After the two-step anodization, the prepared TiO, NTPCs
samples were cleaned with DI water and dried with N, gas. The as-
anodized TiO, NTPCs was annealed in air at 450 °C for 1 h with a
heating rate of S °C min~". The TiO, NTPCs was put into a
microwave vials with 6 mL EG and heated with a of Biotage Initiator
microwave synthesizer for 2—180 min (Figure S1).

2.3. Characterization of the MWR-TiO, NTPCs. The
morphologies of the TiO, NTPCs and MWR-TiO, NTPCs were
determined by field-emission scanning electron microscopy (FESEM,
FEI Quanta 600). The crystalline structure of the samples was
analyzed by X-ray diffraction (XRD, Bruker D8 Discover diffrac-
tometer, using Cu Ka radiation, 1 = 1.540598 A). The diffuse
reflectance UV—vis adsorption spectra were recorded on a
spectrophotometer (Shimadazu, UV 2550), with fine BaSO, powder
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ACS Applied Materials & Interfaces

Research Article

E 0.035

0.030 4

Light off

-2

0.025 4
0.020 4
0.015 4

0.010 4
[Light

\

0.005 4 NTP

Photocurrent density/mA cm

O i S

0.000

MWR-TiO, NTPCs

E
rm

300 4(']0
Time / sec

0 200

100
90 -
80-
70-
60-
50 -
40-
30-
20-

420 440 460 480
Wavelength / nm

500

IPCE / %

10 +—=— TiO, NTPCs
0 @ MWR-TiO, NTPCs

T T T T T T I R T P
300 320 340 360 380 400 420 440 460 480 500

Wavelength / nm

600

. -2 -1
Solar Irradiance / W m™ nm E

o
MWR-TiO, NTPCs under white light .
"5 2.5 EmEmT
3} ot
T 204 3
"Ny, ,’
2 154 ’
Z K TiO, NTPCs under white light
S 1.0 L-=" 7"
e ‘s
= $
2 0.5 /
= ’
3 4 TiO, NTPCs/MWR-TiO, NTPC s in dark
S 0.0 7 —
8
=] .
2 /’-——f
n" '0-5 ‘ T T T T T T T T T
0.0 02 0.4 0.6 08 1.0 1.2 14 16 1.8 2.0
Potential / V vs RHE
1.8 1.0 £
=]
1.6+ E
=
1.4 0.8 g
1.2 g
0.6
1.0 b
Z
0.8 5
0.4 =
0.6 52!
5
il ~— TiO, NTPCs Fo2 &
0.2 4 )
— MWR-TiO, NTPCs -
0.0 ———+0.0 ¢

300 320 340 360 380 400 420 440 460 480 500
Wavelength / nm

Figure 2. PEC performance of the TiO, NTPCs and MWR-TiO, NTPCs photoelectrodes: (a) amperometric transient photocurrent density vs time
plots at an applied potential of 1.23 V vs RHE under illumination of visible light with wavelengths >420 nm and 60 s light on/off cycles. (b) Linear-
sweep voltammograms collected with a scan rate of §$ mV s under simulated solar light (AM 1.5G). (c) IPCE plots collected at an incident
wavelength range from 300 to 500 nm without external bias; the inset is the magnified IPCE spectra at an incident wavelength range from 400 to 500
nm. (d) Photoconversion efficiency for the TiO, NTPCs and MWR-TiO, NTPCs as a function of wavelength by integrating their IPCE spectra with

a standard AM 1.5G solar spectrum (ASTM G-173-03).

as reference. The electron paramagnetic resonance (EPR) spectra were
recorded on a Bruker ES00-10/12: ELEXSYS EPR spectrometer.
Photoelectron spectroscopy (XPS) data were collected by an Axis
Ultra instrument (Kratos Analytical) under ultrahigh vacuum (<107%
Torr) and using a monochromatic Al Ka X-ray source operating at 150
W. The survey and high-resolution spectra were collected at fixed
analyzer pass energies of 160 and 20 eV, respectively. Binding energies
were referenced to the C Is binding energy of adventitious-carbon
contamination, which was set at 284.8 eV. Argon sputtering at 500 eV
for 30 s was employed to remove the oxidized top surface layer of the
TiO, NTPCs and MWR-TiO, NTPCs before analyzing Ti*" in the
bulk phase.

2.4. PEC Performance of the MWR-TiO, NTPCs. The PEC
performance of the TiO, NTPCs and MWR-TiO, NTPCs was
evaluated using a three-electrode configuration with the TiO, NTPCs
or MWR-TiO, NTPCs, Ag/AgCl, and Pt mesh as the working,
reference, and counter electrodes, respectively. The supporting
electrolyte was a 1 M KOH solution. The potentials of the
photoelectrodes were controlled by a potentiostat and were reported
against a reversible hydrogen electrode (RHE) using the following
equation27

Epup = Eag/agar + 0.089 pH + E° 0001 (1)
where E°pg/p0c1 = 0.1976 V at 25 °C. The scan rate for the linear-
sweep voltammetry (LSV) was S mV s™. The transient photoresponse
was evaluated under chopped-light irradiation (light on/off cycles: 60
s) at a fixed electrode potential of 1.23 V versus RHE. The
photocurrent was measured under irradiation from a 300 W Xe
lamp (PLS-SXE300, PE300BF). The intensity of the light source was
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calibrated with a Si diode (Model 818, Newport) to simulate AM 1.5G
illumination (100 mW cm™2). The incident-photon-to-current-
conversion efficiency (IPCE) measurements were performed without
external bias in a two-electrode model, with TiO, NTPCs/MWR-TiO,
NTPCs as the anode and Pt mesh as the cathode. The electrochemical
impedance spectra (EIS) were measured using a PGSTAT 302N
Autolab Potentiostat/Galvanostat (Metrohm) equipped with a
frequency-analyzer module (FRA2) with an excitation signal of 10
mV amplitude. The impedance versus frequency spectra were acquired
at the open circular potential of the system both in the dark and under
illumination conditions. Afterward, an impedance versus potential
measurement at a fixed frequency of Sk Hz in the dark was performed
to determine the carrier density.

3. RESULTS AND DISCUSSION

The large-scale and high-magnification top-view scanning
electron microscope (SEM) images of the MWR-TiO,
NTPCs are presented in Figure 1, panels a and b, respectively,
and a periodical nano-ring structure with a diameter in the
range of 150—200 nm was observed, which does not show
significant morphological differences after the MWR process
compared to the TiO, NTPCs (the SEM image of the TiO,
NTPCs is presented in Figure S2). The inset in Figure la
presents a high-magnification cross-sectional SEM image of the
MWR-TiO, NTPCs, which confirms the hierarchical top-ring/
bottom-tube nanostructures, with the top-layer thickness being
~70 nm and a tube length of around ~2.0 pm. The unique top
photonic crystal (PC) layer and bottom 1D nanotube structure
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is beneficial for (1) broadband light confinement and (2)
unidirectional electron transport. The UV—vis diffuse reflec-
tance absorption spectra of the TiO, NTPCs and MWR-TiO,
NTPCs were measured and are presented in Figure lc, from
which multiabsorption peaks can be clearly observed in visible-
light region. For the self-doping Ti’* with MWR, the
multiabsorption peak positions did not change significantly,
and the optical-absorption intensity was further enhanced. The
inset in Figure lc shows an actual photo of MWR-TiO,
NTPCs, and a visual color pattern was observed, which
provides macroscopic evidence of the formation of a PC layer.
The X-ray diffraction (XRD) profiles of the TiO, NTPCs and
MWR-TiO, NTPCs are presented in Figure 1d. Clearly, the
strong XRD diffraction peaks at 25.3° indicate a vastly
dominant anatase phase with a preferential orientation of
(101) both for the TiO, NTPCs and MWR-TiO, NTPCs
(JCPDS no. 21-1272), and no difference in the XRD peaks was
observed after the MWR process.

To examine the surface chemical bonding of the TiO,
NTPCs and MWR-TiO, NTPCs, X-ray photoelectron spec-
troscopy (XPS) was employed, and the XPS survey spectra are
shown in Figure S3a. The core level Ti 2p;,, XPS of the TiO,
NTPCs and MWR-TiO, NTPCs were not significantly
different (Figure S3b), as the Ti’* species on the surface can
be easily oxidized back to Ti*" by oxygen in air. In this work, we
employed an argon-sputtering treatment, as reported in our
previous work,”" to remove the top surface layer of the TiO,
under high-vacuum conditions before XPS measurement to
probe the Ti** in material’s bulk phase. The high-resolution
core-level Ti 2p;, spectra of the TiO, NTPCs and MWR-TiO,
NTPCs after argon-sputtering treatment are presented in
Figure le. After fitting, the dominant peak centered at 458.5 eV
is associated with Ti ions with a formal valence of four (Ti*"),
whereas the peak at the lower binding energy of 456.6 eV is
associated with Ti ions with reduced charge state (Ti**).”® The
abundance of Ti** detected in the MWR-TiO, NTPCs was
~14%, whereas that in the TiO, NTPCs was ~8%. The
increased Ti’" abundance in the MWR-TiO, NTPCs
corresponds to the bulk Ti** created in the MWR process.
To confirm the successful self-doping of Ti® further, electron
paramagnetic resonance (EPR) spectra were recorded and are
provided in Figure 1f. The TiO, NTPCs show a strong single
EPR signal with g = 2.04, which can be ascribed to the
absorbents on the TiO, surface, such as O~ or O, radicals.”®
Besides the signal at g = 2.04, the MWR-TiO, NTPCs sample
shows an EPR signal with g = 1.94, which can be ascribed to the
existence of Ti**.*°~>* After the MWR process, an oxygen atom
at the bridging O site escaped and left behind oxygen vacancies,
which created excess electrons, giving rise to Ti*" ions.

Transient photocurrent response measurements were carried
out on the TiO, NTPCs and MWR-TiO, NTPCs during
repeated on/oft visible-light-illumination cycles at 1.23 V versus
RHE (Figure 2a). The results show that both samples exhibited
fast and reproducible photocurrent responses upon each
illumination. The transient photocurrent density of the TiO,
NTPCs was 0.0030 mA cm ™2, whereas that of the MWR-TiO,
NTPCs was 0.030 mA cm™? which represents a 10-fold
increase from the pristine TiO, NTPCs. The PEC performance
of the TiO, NTs and MWR-TiO, NTs without the photonic
crystal layer was also measured, and photocurrent densities of
0.0025 and 0.008 mA cm >, respectively, were recorded under
the same experimental conditions (Figure S4a).
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To measure the PEC performances under simulated solar-
light illumination of AM 1.5G (100 mW cm™) further, linear-
sweep voltammetry (LSV) of the TiO, NTPCs and MWR-
TiO, NTPCs was recorded, and the data are presented in
Figure 2b. No significant dark current was observed even at
high potentials (2.0 V vs RHE) on both the TiO, NTPCs and
MWR-TiO, NTPCs photoelectrodes, whereas high photo-
current densities were recorded for them under illumination.
Clearly, the MWR-TiO, NTPCs showed a much higher
photocurrent density (2.5 mA cm™ at 1.23 V vs RHE) than
that of the pristine TiO, NTPCs (1.2 mA cm™2 at 1.23 V vs
RHE), which represents a 108% increase in PEC performance.
In addition, the PEC performance of the TiO, NTs and MWR-
TiO, NTs under illumination of simulated solar light was also
measured, and much lower photocurrent densities of 0.39 and
0.57 mA cm™?, respectively, were recorded (Figure S4b).

The effects of the microwave-heating duration on the final
PEC performance of the prepared MWR-TiO, NTPCs were
also investigated, and the results are presented in Figure SS.
Clearly, with only S min of MWR treatment, the MWR-TiO,
NTPCs reached their optimized PEC performance, and any
further extension of the heating time did not result in a further
increase in the photocurrent density and photoconversion
efficiency. This result demonstrates the fascinating fast heating
property of microwave heating.

Incident-photon-to-current-conversion efficiency (IPCE)
measurements were performed on the TiO, NTPCs and
MWR-TiO, NTPCs separately, and the IPCE values were
calculated using the following equation and are presented in
Figure 2c%

12401

IPCE% = 100

]light (2)
where I is the photocurrent density, Jyg, is the incident-light
irradiance, and A is the incident-light wavelength. In
comparison to the TiO, NTPCs, the MWR-TiO, NTPCs
exhibited considerably enhanced photo-activity over both the
UV and visible-light regions, which agreed well with the PEC
results. The magnified IPCE spectra from 400 to 500 nm are
presented in the inset of Figure 2c, and the MWR-TiO, NTPCs
demonstrated enhanced IPCE performance within the visible-
light region. Furthermore, the IPCE discrepancy versus
wavelength between the TiO, NTPCs and MWR-TiO,
NTPCs were also calculated, and the correlation between
UV—vis absorption and IPCE data are presented in Figure S6.
The enhancement in the IPCE was largely consistent with the
increased light-absorption spectrum and thus the photo-
response of the doped samples not only resulted from the
intrinsic excitation of the valence band electrons to the
conduction band but also involved the interbands induced by
the self-doped Ti**.**

To calculate the photoconversion efficiency and to eliminate
the discrepancy between the irradiance of the light source used
in lab and the actual solar-light spectrum, the corresponding
IPCE spectra were integrated with a standard AM 1.5G solar
spectrum (ASTM G-173-03) using the following equation™

500
/300 (3)

where A is the wavelength of solar light, P(4) is the solar
irradiance at a special wavelength, and E° is the redox potential

I -0
% ——AE"IPCE(4) P(4) d(4
wo= [T —AETPCE() P() d(2)
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Figure 3. (a) Electrochemical impedance spectra of Nyquist plots (Z,, vs Z;,) in the dark and under light and (b) Mott—Schottky plots at a fixed
frequency of 5 kHz in the dark of TiO, NTPCs and MWR-TiO, NTPCs.

of water. Figure 2d presents the thus-calculated photo-
conversion efficiencies as a function of wavelength in the
range of 300 to 500 nm, and it can be seen that the TiO,
NTPCs and MWR-TiO, NTPCs achieved photoconversion
efficiencies of 0.47 and 0.87%, respectively. The stability of
photoelectrodes is an important factor for their practical
application, and our MWR-TiO, NTPCs sample showed a very
stable PEC performance after 120 min of testing (Figure S7),
which presumably can be ascribed to the fact that the self-
doped Ti** was largely retained in the bulk phase of the MWR-
TiO, NTPCs.

To characterize the electronic properties of the TiO, NTPCs
and MWR-TiO, NTPCs further, electrochemical impedance
spectra (EIS) measurements were carried out covering the
frequency of 10° to 0.1 Hz using an amplitude of 10 mV at the
open-circuit potential of the system in the dark and under
illumination, and the Nyquist plots are presented in Figure 3a.
Semicircles in Nyquist plots convey information on the charge-
transfer process because the diameters of the semicircles are
equal to the charge-transfer resistance of a sample.’® As
depicted in Figure 3a, the MWR-TiO, NTPCs exhibited a
smaller semicircular diameter than the TiO, NTPCs both in the
dark and under illumination, implying enhanced electronic
conductivity in the MWR-TiO, NTPC. Mott—Schottky (MS)
plots were collected at 5 kHz to determine the semiconductor
type, flat-band potential (Ugg), and carrier density (Np,) of the
TiO, NTPCs and MWR-TiO, NTPCs using the following
equation36

2

Npege

1
=

C

[(Us - UFB) - kB_T]

(4)

where C is the space charge capacitance in the semiconductor;
Np is the electron carrier density, e is the elementary charge
value, €° is the permittivity of the vacuum, ¢ is the relative
permittivity of the semiconductor, Uy is the applied potential, T
is temperature, and kg is the Boltzmann constant. Figure 3b
presents the Mott—Schottky (MS) plot as 1/C* versus
potential. The slopes of the linear part of the curves in the
MS plots were positive, implying that the self-doping of Ti**
did not change the n-type semiconductor property of TiO,.
The linear parts of the curves were extrapolated to 1/C* = 0,
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and from eq 4, the values of Uy were estimated to be 0.40 and
1.18 V versus RHE for the TiO, NTPCs and MWR-TiO,
NTPCs, respectively. The carrier density, Np,, was determined
from Figure 3b using the following equation®®*’

2 | 4(&)

(1)

with e = —1.6 X 107", £° = 8.86 X 107'2, and € = 48 for anatase
TiO,.*® The pristine TiO, NTPCs showed a Np, of 1.55x10'
cm >, whereas the MWR-TiO, NTPCs showed a much higher
Np of 7.03 X 10" cm™. The significantly increased carrier
density after MWR self-doping of Ti** would result in a positive
shift of the Fermi level, increase in the degree of band bending
at the TiO, surface (causing the positive shift of the flat-band
potential), and finally, facilitate the charge separation at the
semiconductor/electrolyte interface.”*

The electron lifetime in the TiO, NTPCs and MWR-TiO,
NTPCs was also measured through open-circuit photovoltage
decay,® presented in Figure S8, and the MWR-TiO, NTPCs
showed relatively longer electron lifetime than the TiO,
NTPCs.

-1

4. CONCLUSIONS

The self-doped MWR-TiO, NTPCs showed an efficient PEC
performance because of its rational coupling of morphological
and electronic features of the MWR-TiO, NTPCs: (1)
captured light by the periodic morphological structure of the
PC layer is absorbed by the self-doped interbands, (2) good
electrical conductivity resulting from the high carrier density
induced by Ti** doping, and (3) long photoelectron lifetime.
The results of this study shed light on the rational design of
photoelectrodes by coupling their morphological and electronic
structures.
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