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Abstract: Dedications to achieve the highly efficient metal oxide semiconductor for the photoelectrochemical
water splitting system have been persisted to utilize the TiO, as the promising photoanode material. Herein, we
report notable progress for nanostructured TiO, photoanodes using facile sequential one-pot hydrothermal synthe-
sis and annealing in hydrogen. A photocurrent density of 3.04 mA-cm ™2 at 1.23 V vs. reversible hydrogen electrode
was achieved in TiO, nanorod arrays annealed in hydrogen ambient, which is approximately 4.25 times higher than
that of pristine TiO, annealed in ambient air. 79.2% of incident photon-to-current efficiency at 380 nm wavelength
demonstrates the prominence of the material at the near-UV spectral range region and 100 h chronoamperometric
test exhibits the stability of the photoanode. Detailed studies regarding crystallinity, bandgap, and elemental analysis
provide the importance of the optimized annealing condition for the TiO,-based photoanodes. Water contact angle
measurement displays the effect of hydrogen annealing on the hydrophilicity of the material. This study clearly dem-
onstrates the marked improvement using the optimized hydrogen annealing, providing the promising methodolo-
gies for eco-friendly mass production of water splitting photoelectrodes.
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1 Introduction
Regulations aimed at reducing air pollution encourage a
swift change to sustainable and alternative energy [1, 2].
Despite massive efforts to replace fossil fuels, they still
account for 87% of total global energy consumption due
to rapidly expanding demand [3]. As the annual increase
in global mean surface temperature accelerates, intense
research on the promising alternative energies becomes
urgent further [4]. Hydrogen fuel, which has a 3 times
higher energy density than gasoline, has long been seen
as a possible future energy source. However, because
the generation process uses fossil fuels and emits carbon
dioxide and carbon monoxide, hydrogen fuel is hard to be
regarded as a perfectly clean energy source. The discovery
of the photocatalytic effect of TiO, was a breakthrough in
the manufacture of clean hydrogen fuel [5, 6]. The meth-
odology of producing clean hydrogen fuel using sunlight
and water has promoted tremendous studies. However,
the high cost of renewable hydrogen production than fos-
sil fuel-based production still hinders the commercialize
of eco-friendly hydrogen fuel production [7].
Photoelectrochemical (PEC) water splitting has been
the subject of extensive research in recent years [8—12].
The PEC water splitting cell, which outperforms the sim-
ple photocatalyst in solar-to-hydrogen conversion, has
been focused as a promising clean hydrogen fuel produc-
tion technology. Photoanode and photocathode compose
the PEC water splitting cell, which corresponds to the
n-type and p-type semiconductor materials, respectively.

In the pursuit of developing photoelectrodes for the
PEC water splitting cell, the photoanode with a complex
reaction step involving four electrons achieved inferior
results than the photocathode, a simple two-electron
involving reaction [13]. Thus, to improve the overall effi-
ciency of PEC cells, further dedications must be put into
developing efficient photoanodes.

Since its discovery, TiO, has been representative n-type
semiconductor material with photocatalytic effect [5].
The significance of TiO, as a commercially prominent
material is due to its thermodynamic and chemical stabil-
ity. To make the TiO, a promising photoanode material,
a large amount of research has been stated. Nanostruc-
turing is the representative strategy to promote further
improvement by enhancing photon absorption with
enlarged specific surface area and internal reflection. Fur-
thermore, in the case of one-dimensional structure such
as nanorods [14—16] or nanotubes [17, 18], constraining
the carriers’ pathway induce the fast charge migration.
The early studies on one-dimensional (1D) nanostruc-
tured TiO, successfully demonstrated a remarkable
advance over the TiO, thin film. Furthermore, it was
claimed that the three-dimensional (3D) hierarchical
nanostructure had an extraordinarily increased photon
absorption property [19]. Doping was the other method-
ology to deal with the weakness of TiO,, which is large
bandgap and low carrier mobility. Various studies about
the anion dopants of B [20, 21], F [20], S [22, 23], and N
[24] and cation dopants of C [25], H [26], Fe [27, 28], Cr
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[27], Sn [29], and Ta [30] successfully exhibit the further
progress in PEC performance by improving the carrier
concentration, carrier mobility, and the bandgap nar-
rowing. The approaches described above showed drastic
advances compared to the pure TiO, thin film. Neverthe-
less, when compared to the other promising photoanode
materials such as WO, [31, 32] and BiVO, [33], TiO, still
needs further progress to be utilized.

Recently, the studies controlling the intrinsic defect via
surface engineering or the non-stoichiometric synthe-
sis are intensively researched in the TiO, photocatalysts
field. Early studies demonstrated that the defect levels
inside the bandgap effectively modify the electronic state
of the TiO,, being able to absorb photons from a wider
range of wavelength. The defect engineered anatase TiO,
photocatalysts are referred to as the black [34] and blue
[35, 36] anatase depending on their colors. The anion-
deficient TiO, successfully manifested a strong visible
light absorption than the pure TiO, [34-36]. Black and
blue anatase were synthesized under various conditions
such as annealing under H, atmosphere, solvothermal
process with an organic solvent, and using a reducing
agent. However, exactly controlling the chemical state
and spatial distribution of electronic state modifier still
remains as the unexploited room to explore.

In this work, notably efficient TiO, based photoanodes
have been synthesized by an all-solution process. Pho-
toanodes manifesting 4.25 times higher photocurrent
density than the pure TiO, nanorod arrays have been
achieved by incorporating all the strategies above. The
combination of the facile one-pot hydrothermal synthe-
sis including the sulfur and nitrogen precursor and the
annealing under the H, atmosphere accomplished the
remarkable advance of photocurrent density. Chrono-
amperometric measurement for 100 h exhibits the
excellent reliability of these photoanodes. Also, the
importance of the all-solution process has to be empha-
sized as the initial facility cost of the PEC water splitting
system could not be neglect due to the large area of pho-
toelectrodes [37-40]. Thus, a scalable all-solution pro-
cess gets expectations as the future production method
for mass production. The crystallographic, elemental,
and bandgap analysis depending on the H, annealing
during the optimizing H, annealing condition reveals
how surface disorder optimization importantly affects
PEC performance of photoelectrodes. Even the photo-
current density, electrochemical impedance, and inci-
dent photon-to-current density will be stated, showing
the distinctive improvement of this material. Finally, the
contact angle exhibits the effect of oxygen vacancies on
the adsorptive power to the water molecule and hydroxyl
groups.
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2 Methods/experimental
2.1 Preparation of various TiO, nanorod arrays and TiO,
thin film
All reagents in this process were employed without fur-
ther purification. Both pristine TiO, nanorod arrays and
S, N-doped TiO, nanorod arrays were synthesized by a
facile hydrothermal process. Polycrystalline fluorine-
doped tin oxide (FTO) thin film deposited glass sub-
strates were prepared by sequential cleaning with the
polar and non-polar solvent. In the order of acetone,
isopropanol, and distilled water (18.3 MQ-cm), the FTO
substrates were cleaned for 30 min using ultrasonic
cleaner (Branson CPX, Emerson). Simultaneously, the
aqueous solutions for the hydrothermal process were
prepared. 2.71 mmol of Titanium chloride (> 99.9%,
TiCl,, Sigma-Aldrich), and 28 ml of hydrochloric acid
(35%, HCI, Daejung Chemicals) were added to the 22 ml
of distilled water and vigorously stirred until the solution
becomes completely obvious. For the S, N-doped TiO,
nanorod arrays, 0.257 mmol of sulfamic acid (> 99%,
H;NSO,, Sigma-Aldrich) was additionally employed in
the hydrothermal precursor solution. The prepared FTO
substrates and solutions were transferred to the 100 ml
of Teflon vessel, while the FTO substrates’ active surface
faces up. The precursor solution containing Teflon ves-
sel was lined into the stainless steel autoclave and sealed
tightly, and was heated at 180 ‘C for 6 h using the elec-
tronic oven. After the natural cooling down to room tem-
perature in the oven, the as-grown pristine TiO,, and S,
N-doped TiO, nanorod arrays were repeatedly washed
and dried with distilled water and N, gas to remove the
residual impurities. The rinsed samples were annealed
under ambient air at 350-550 C for 1 h. Following heat
treatment under H, atmosphere was carried out for the
H,-annealed samples. During the heat treatment, all
samples were kept inside the furnace while the tempera-
ture falls to room temperature. Finally, various pristine
TiO, and S, N-doped TiO, nanorod arrays samples were
obtained when removed from the furnace.

The TiO, thin films for contact angle measurement also
prepared by electron beam evaporator (e-beam Korea
Vacuum Tech Co., Ltd.). Same with the preparation for
the hydrothermal process, sequential substrates clean-
ing process prepares the FTO substrates. Approximately
100 nm thickness of TiO, thin films were deposited on
the FTO substrates, while the thickness monitor in the
electron beam evaporator system examines the sam-
ples’ thickness. The as-deposited samples were heated at
350 °C for 1 h under the ambient air and H, atmosphere,
respectively. The samples were finally obtained after the
natural cooling to room temperature in the furnace.
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2.2 Materials characterization

The glazing incident X-ray diffractometer (GIXRD;
X’pert pro, PANalytical) clarifies the crystal structure of
the samples. Field emission scattering electron micros-
copy (FE-SEM; MERLIN Compact, ZEISS) examines
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the nanostructure of the nanorod arrays. Furthermore,
detailed nanostructure, crystallographic analysis, and
elemental mapping were carried out using transmis-
sion electron microscopy (TEM; JEM-2100F, JEOL),
and energy dispersive spectroscopy (EDS). The further
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Fig. 1 a Schematics illustrating the facile procedure of H, treated S, N-doped TiO, nanorod arrays. b Optical image of the S, N-doped TiO, nanorod
arrays under the various annealing condition. ¢ XRD spectra and d SEM images for the 350 °C post-annealed S, N-doped TiO, samples under various
H, treatment temperature. The XRD spectra were indexed using the JCPDS crystallographic database. (#00-021-1276)
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elemental analysis was operated by an X-ray photo-
electron spectrometer (XPS; AXI Supra, KRATOS).
The obtained full spectra of samples were analyzed and
deconvoluted using Casa XPS software. UV-vis spectros-
copy (V-770, JASCO) measures the optical reflectance of
the samples, which was used for the bandgap calculation.
A contact angle meter (DSA 25, Kruss) investigates the
contact angle between the TiO, thin film and electrolyte.
Distilled water and 1 M NaOH was tested as the contact
angle electrolyte.

2.3 Measurement of photoelectrochemical performance
The three-electrode system operated by computer-con-
trolled potentiostat (Nstat, Ivium Technologies) per-
forms the oxygen evolution reaction measurements.
Saturated Ag/AgCl reference electrode, platinum mesh
counter electrode, and working electrode composes the
three-electrode system. All electrodes were submerged in
the 1 M NaOH standard solution (pH = 13.6) contain-
ing quartz vessel during the PEC performance measure-
ments. While the Xenon Arc lamp (mW-cm™2) irradiates
the light to the working electrode, the linear sweep vol-
tammetry (LSV) was performed under a potential from 0
to 1.5 V vs. RHE. To determine the potential versus RHE,
following Equation (1) was used:

Erne = E + Eag/agcs + 0.059 x pH 1)
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where E, /5,1 is 0.198 V and E is applied potential vs.
Ag/AgCl electrode [41]. Electrochemical impedance
spectroscopy (EIS) were measured under same irra-
diation condition. Under the constant 1.23 V vs. RHE of
potential, Nyquist plot was obtained by EIS measurement
in the frequency range of 10 Hz—250 kHz. Using the light
source and the monochromator (MonoRal50), inci-
dent photon-to-current efficiency (IPCE) measurement
determines the external quantum efficiency of the pho-
toanodes under the 1.23 V vs. RHE potential condition.
Mott-Schottky (M-S) plot was used to determine the car-
rier concentration of each photoanode. To obtain carrier
concentration, calculation using M-S plot was conducted
using following Equation (2):

1 1 (E E l(T)
- = — — R 2
C52C grSOAZeNDopant € @

where C_, is the capacitance of the space charge layer of
the semiconductor electrode, €, is relative permittivity, €,
is vacuum permittivity, A is the surface area of the elec-
trode, e is an elementary charge, Ny, is the carrier
concentration, E is the applied potential, Eg, is flat-band
potential, k is a Boltzmann constant, and T is the tem-
perature. M-S curve was obtained by M-S measurement
performed in the potential range of 0-1.0 V vs. RHE [41].
In order to analyze the surface area of the photoanodes,
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Fig. 2 a Schematics depicting the investigation point of the TiO, nanorods. The edge of the square-shaped nanorod, having the (110) plane as
the side plane, was determined to clarify the exact crystallographic state of the surface. b TEM and HRTEM images of S, N-doped TiO, nanorods
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Fig. 3 The photocurrent density comparison graph for the post
annealing and H, treatment temperature. The photocurrent densities
were determined at the 1.23 V vs. RHE condition. The color of bar
designates follows: > 2.5: red, > 2.0: orange, 1.5 > yellow, 1.0 > blue,
0.5>purple

the optical images of TiO, photoanodes are investigated
using the Adobe Photoshop.

3 Results and discussion

As illustrated in Fig. 1a, the H,-treated S, N-doped TiO,
nanorod arrays were synthesized by a considerably fac-
ile process. Sequential annealing in air and hydrogen
ambient was controlled to test the optimum annealing
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condition. An optical image of the S, N-doped TiO,
nanorod arrays under various conditions is shown in
Fig. 1b. Below 500 C of H, annealing temperature, no sig-
nificant color change occurs. The colors of the specimen
drastically darken as the H, annealing temperature rises
beyond 500 ‘C, which was a similar temperature with the
previous studies dealing with the black TiO, nanoparti-
cles [34, 42, 43]. Thus, H, annealing effectively applied
to the rutile phase TiO, not even for the anatase phase
of previous reports. The X-ray diffraction (XRD) spectra
of the samples annealed under 350 °C of post-annealing
temperature were investigated to check the crystallinity.
As shown in Fig. 1c, the XRD patterns of each sample
were almost same regardless of H, annealing condition
and color, which means there was no significant crystal-
linity change during annealing at the overall matrix. The
microstructure was also unchanged after the anneal-
ing when investigated by scanning electron microscope
(SEM), except for the 600 °C of H, annealing temperature.
SEM images in Fig. 1d shows that the nanorods under the
600 C of H, annealing condition are blunter than other
samples. Thus, further investigation was carried out using
TEM to exactly examine the surface having black color.
To prevent the confusion due to the crystallinity of inner
matrix, the edge of the nanorods was examined to verify
the surface condition exactly, as illustrated in Fig. 2a. The
HRTEM analysis figures out the surface condition of the
S, N-doped TiO, nanorods annealed under the air and
H,. As displayed in Fig. 2b, the H, annealed sample has a
roughened surface compared to the air-annealed sample.
Also, crystallinity at the roughen surface shows a disor-
dered state which is 1-2 nm thickness, as demonstrated
in HRTEM image. Therefore, analogous to the previous
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Fig. 4 Bandgap analysis for the 350 °C air-annealed S, N-doped TiO, under various H, treatment conditions. a The results of IPCE measurement for
S, N-doped TiO, photoanode. The current was obtained under 1.23 V vs. RHE condition. b Kubelka-Munk plots for S, N doped TiO, nanorod arrays
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studies concerning black TiO, photocatalysts, the origin
of the black color comes from the disordered and rough-
ened surface [34, 43].

To explore the optimum condition for the PEC photo-
electrodes, photocurrent density at the 1.23 V vs. RHE
was compared in Fig. 3. Total LSV curves of all sam-
ples, including the air-annealed sample, were depicted
in Additional file 1: Fig. S1. Although most of samples
show notable increment than the pristine TiO, nanorods
sample, the severe decrease of photocurrent density was
shown over 550 °C of H, annealing, which corresponds to
the black colored samples having rough and disordered
surface. 350 ‘C post-annealed samples exhibit slightly
better performance than the others. Considering the pre-
vious work dealing with black TiO, photocatalysts, black
TiO, usually shows better catalytic performance than the
pristine samples. However, in case of photoelectrodes
study, it can be concluded that too much amount of sur-
face disorder hinders the PEC performance.

Further investigations such as the bandgap analysis and
elemental analysis were performed to research the mate-
rials’ change during the H, annealing. IPCE and UV-vis
analyze the influence of H, annealing temperature on the
bandgap. The results of the IPCE measurement are dem-
onstrated in Fig. 4a. The bandgap annealed below 450 C
was not significantly changed. The maximum photon
absorption wavelength was around 480 nm, which cor-
responds to the 2.58 eV. This value also corresponds to
a maximum theoretical photocurrent density of 5 mA/
cm? [44], which shows quite a smaller bandgap compared
to 3.0 eV the band gap of the pure rutile TiO, due to the
doping and H, annealing [23, 24, 34, 42]. The absorb-
ance range changes drastically over 500 “C of H, anneal-
ing temperature. The IPCE did not become zero above
480 nm of wavelength, showing the photon absorption at
a longer wavelength. Therefore, it can be suspected that
the high temperature H, annealing distinctively drives
the narrow bandgap, which can be observed by the black
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condition. a Planar view obtained by FESEM. Cross-sectional view is also displayed by inset image. b Planar view investigated by STEM and ¢
corresponding EDS elemental mapping results

color of the sample [45, 46]. However, very low value of
IPCE investigated at a long wavelength meaning the poor
external quantum efficiency. Similar results were found
by UV-vis analysis, as displayed in Fig. 4b. UV-vis results
also show significant change over 500 ‘C of H, anneal-
ing temperature. As the annealing temperature rises, the
slope becomes steep, which is marked in the graph. In
other words, H, annealed S, N-doped TiO, nanorods also
absorb light in an energy region smaller than the bandgap
of pristine rutile TiO,. Similar to the previous studies and
IPCE results in this work, it means that the surface disor-
der drives the narrow bandgap by generating the defect
level inside the bandgap [24, 34]. And, the narrow band-
gap by the defect level effectively contribute to the pho-
ton absorption. However, considering the photocurrent
density results shown in Fig. 3, the optimum H, anneal-
ing condition seems needed even though the advance of
photon absorption.

Notable elemental change at the O 1s, S 2p, and N
1s peaks were also investigated by XPS measurement,
shown in Fig. 5. O 1s peaks were deconvoluted to clar-
ify the existence of oxygen vacancies, shown in Fig. 5a.

O 1s peaks can be divided into Ti—-O bond peak, S-O
bond and oxygen vacancy (S—O and O,) peak, and sur-
face adsorption peak, respectively. As the oxygen vacancy
peak overlaps with the S—O bond peak, sulfur concen-
tration also has to be considered to identify the amount
of oxygen vacancy [47]. Therefore, S 2p and N 1s peaks
are also demonstrated in Fig. 5b. It can be noticed that
the sulfur and nitrogen concentration in the TiO, matrix
severely drops until the 550 C of H, annealing tempera-
ture. The sulfur and nitrogen dopants in the TiO, matrix
disappear above the 550 C of H, annealing temperature.
The rest of the XPS spectra depicting the Ti 2p peaks are
demonstrated in Additional file 1: Fig. S2. To easily dis-
cuss the oxygen vacancy, the peak volume ratio between
S—0O and O, peak and the Ti—O bond peak is calculated
and arranged in a single graph, Fig. 5c. The graphs about
sulfur and nitrogen concentration are also demonstrated
in Fig. 5d and e, respectively. The peak volume ratio
shows a V-shape curve meaning that the change of S—-O
and O, peak has the inflection point. Considering the sul-
fur concentration that decreases and diminishes at high
annealing temperature, the inflection point shows that
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the number of oxygen vacancies was not significantly
increased below 450 °C of H, annealing temperature. The
drastic rise of oxygen vacancies, demonstrated by the

increasing peak volume ratio, occurs

over 500 C of H,

annealing temperature [48]. As a result, it can be noticed
that the H, annealing at high temperature develops
dopant loss at the surface and creates too many oxygen
vacancies. The dopant loss and oxygen vacancies lower
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the crystallinity of the surface and acts as a recombina-
tion site of charge carriers [49, 50], interfering with the
overall PEC performance. Based on the results above,
owing to suitable bandgap alignment and defect site con-
centration, the optimum H, annealing temperature for S,
N-doped TiO, nanorod arrays were set as 350 C.

As depicted in Fig. 6, SEM and TEM investigated the
nanostructure of the optimum sample. The SEM images
of the pristine TiO, sample annealed under air and H, at
350 °C and S, N-doped TiO, sample annealed under air at
350 °C, which are prepared for the reference samples, are
demonstrated in Additional file 1: Fig. S3. Approximately
3—4 pm length nanorods have 50-100 nm of diameter,
having a thinner size than the pristine TiO,. It makes a
much larger specific area than the pristine TiO,, support-
ing the photon absorption of photoelectrodes [51-53].
Also, EDS performs the elemental analysis of optimum
H,-treated S, N-doped TiO, sample. The conformal
distribution of sulfur and nitrogen dopant in the TiO,
matrix is investigated in Fig. 6c.

XRD and XPS carried out the crystallographic and
elemental analysis, respectively. XRD spectra in Fig. 7a
shows the crystallographic consistency after the dop-
ing and H, annealing. Without peak shift compared to
the rutile TiO, phase, only the preferential peaks appear
due to the preferential growth long [001] direction [54,
55]. XPS spectra of each sample are shown in Fig. 7b.
XPS spectra for the Ti 2p, S 2p, and N 1s are shown in
Additional file 1: Figs. S4, S5. To perform the elemen-
tal analysis, the peak volume ratio between S—O and O,
peak and the Ti—O bond peak was considered to iden-
tify the effect of optimum H, annealing condition on the
oxygen vacancy concentration, in good agreement with
Fig. 5. The calculated peak ratio, and sulfur and nitrogen
concentration for the doping and annealing condition
are merged in Fig. 7c. With H, annealing, the peak vol-
ume ratio rises from 21.65 to 22.95% for pristine TiO,,
and 25.92-28.24% for S, N-doped TiO, sample. It can be
noticed that the H, annealing arises the oxygen vacancy
concentration in both cases. Unexpectedly, dopant con-
centration also arises after the H, annealing. When con-
sidering the XPS result as the surface analysis because
of the 5 nm of scanning depth of the XPS analysis, the

Table 1 Resistance calculation results from the equivalent circuit

Sample R, (Q) R.: (Q)
Pristine (Air) 0.73 3677
Pristine (H,) 093 1580
SNT (Air) 146 1675

SNT (H,) 113 1263
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oxygen loss at the surface can drive the migration of
dopant in the TiO, matrix toward the surface.

The PEC performance of the optimum H, annealed
sample and reference samples are determined and com-
pared. Figure 8a shows the LSV curves of various samples
under the chopping irradiation condition. Additionally,
non-annealed samples’ LSV was also compared in Addi-
tional file 1: Fig. S6. Poor photocurrent density of the
non-annealed sample exhibits the importance of heat
treatment, and crystallinity for the PEC performance.
The H, annealed S, N-doped TiO, sample exhibits out-
standing PEC performance compared to the reference
samples. It shows 3.04 mA/cm ™2 of photocurrent density
at 1.23 V vs. RHE, which is 4.25 times higher photocur-
rent density than the pristine TiO, annealed under the
air. Furthermore, in both doped and un-doped cases, H,
annealing boosts photocurrent density about 1.7 times
higher than the annealing under the air. The photocur-
rent density of each sample at the 1.23 V vs. RHE is com-
pared in Fig. 8b.

In Fig. 8c, IPCE measurements are displayed. IPCE
measurement confirms the higher efficiency at the over-
all wavelength. By this measurement, the efficiencies of
three fundamental processes associated with PEC can be
easily considered:

IPCE = Ne—/h+ X Ntransport X Ninterface (3)

where 7 4s Miranspory A0 Fingerface are defined as the elec-
tron-hole pairs generated per incident photon, the charge
transport to the interface, and the charge transfer effi-
ciency at the interface, respectively. Also, the IPCE can
be expressed by a function of wavelength:

IPCE()) = ‘ joh (mA : cm_2) ‘hc/Pmono (mw : Cm_z) A
(4)

where j;, is the photocurrent density, / is the Planck’s
constant, c¢ is the light speed, and P, is the mono-
chromated illumination power density [41]. H,-treated
S, N-doped TiO, shows 78.16 % efficiency at 380 nm of
wavelength, which is the highest efficiency among all
wavelengths. The highest efficiency of pristine under
air, pristine under H,, and S, N-doped TiO, under air
are 17.64 %, 29.47 %, and 46.12 % respectively. Thus, the
increments of IPCE well match with the results of LSV
curves. Furthermore, 79.2 % of incident photon-to-cur-
rent efficiency at 380 nm wavelength demonstrates the
prominence of these materials at the near-UV spectral
range region. EIS measurement, as shown in Fig. 8d con-
firms the effect of H, annealing on the charge transfer
resistance. The results of the charge transfer resistance
calculation are stated in Table 1. The smaller half-circle in
the Nyquist plot shows that the charge transfer resistance
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drops distinctively when applied doping and H, anneal-
ing. Based on the previous studies about the relationship
between the oxygen vacancy and water and hydroxyl
group adsorption, the oxygen vacancies at the surface
promote the fast and easy water and hydroxyl group
adsorption, boosting the oxygen evolution reaction at the
interface [56-58].

Furthermore, Mott-Schottky analysis, as shown in
Fig. 8e, was performed to examine the carrier concentra-
tion of each sample. The carrier concentration calcula-
tion using the results from the Mott-Schottky plot can be
expressed by the following Equation (5):

141 x 1032(cm x F72 x V1)
Np = 2 (cm 2 1 ®)
& X A%(cm*) x slope(F~% x V1)

where N, is the carrier concentration, ¢, is relative per-
mittivity, A is the surface area of the electrode. The slope
of the inverse square of the capacitance versus poten-
tial vs. RHE plot was examined. Detailed plots of each
curve are displayed in Additional file 1: Fig. S7. And,
the detailed parameters used in this calculation are
stated in Additional file 1: Table S1. Each sample shows
164 x 10" em™, 1.95 x 10" em™?, 5.11 x 10" cm™3,
and 1.39 x 10%° cm~3, respectively, which shows the
increased carrier concentration due to the H, annealing
in both cases. Increased carrier concentration can be eas-
ily explained by Koeger-Vink notation below:

Oo — Vi + 2e~ 6)

where V; is vacant oxygen ion site, e is the electron [59].
Oxygen vacancies produced by H, annealing generate
the electrons increasing the carrier concentration of the
matrix. The result of the reliability test is demonstrated in
Fig. 8f. Hy-treated S, N-doped TiO, sample also exhibits
outstanding reliability under the irradiation condition in
the basic electrolyte. It maintains up to 95% of photocur-
rent density compared to the initial value for 100 h. Thus,
these materials can be regarded as promising stable pho-
toanodes materials.

Table 2 Interfacial free energy calculation

Sample  Angle (degree) y . (mN/m) ys(mN/m) yg (mN/m)
Air 61.8 72.8 22.97 — 1431

DI water

H, 38,57 728 25.83 —21.30

DI water

Air 30.23 59.36 16.95 — 544
NaOH

H, 18.10 59.36 22.79 — 2066
NaOH
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To investigate the influence of H, annealing on the sur-
face adsorption capacity of water and hydroxyl groups,
hydrophilicity difference under the air and H, annealing
condition was compared using the contact angle meas-
urement. To prevent the undesirable water permeation
in the photoelectrodes due to the nanostructure, the flat
TiO, thin films were prepared. The TiO, thin films were
annealed under an H, atmosphere at 350 ‘C, the same as
the optimum annealing condition of S, N-doped TiO,
nanorod arrays. And, in order to compare the adsorp-
tion of the water molecule and hydroxyl groups, the con-
tact angle of distilled water and 1M NaOH solution to
both TiO, thin films. The average contact angle between
the H,-annealed TiO, thin film and distilled water was
approximately 38.57°, while the air-annealed TiO, thin
film showed 61.8° of contact angle. Reduced contact
angle after the H, annealing obviously shows that even
350 °C of H, annealing makes TiO, thin film more hydro-
philic. A comparable result can be investigated in the
case of 1 M NaOH solution which the electrolyte used
for the PEC performance measurement. The average
contact angle between the TiO, thin film and 1 M NaOH
decreases by 59.8% from approximately 30.23°-18.1°
when applying the H, annealing at TiO, thin film. This is
similar to the 62.4% reduction in the contact angle with
water. To determine the interfacial free energy between
the thin films and solutions, the interfacial energy was
calculated using the following Eqs. (7) and (8):

vs = |71(1 + cos 0)?| /4 )

Ysi = Ys — Y1 €0s0 (8)

where vy, is the surface free energy of the solid thin film,
v, is the surface free energy of liquid, y,; is the surface free
energy of between solid and liquid, and 0 is the contact
angle between solid and liquid [60]. The parameters for
interfacial free energy calculation are stated in Table 2.
H, annealing at TiO, thin film could stimulate the
adsorption of H,O molecules and hydroxyl ions, which
is verified by lowered interfacial free energy [56-58, 61].
Furthermore, when applying the H, annealing, the inter-
facial free energy of 1 M NaOH solution changes fur-
ther compared to the distilled water. It indicates that the
adsorption effect of oxygen vacancy made by H, anneal-
ing at the surface is much higher in the case of hydroxyl
groups, being dissolved much amount in the NaOH
solution.

Thus, the role of the optimized H, annealing on S,
N-doped TiO, photoanode arranged into two aspects;
increasing carrier concentration, promoting the adsorp-
tion of water molecules and hydroxyl ions. The carrier
concentration increases as shown in Eq. (6) as the S,
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(a)

[001] direction

adsorption of the water molecules and hydroxyl ions

oo | twwon |

Fig. 9 aThe optical images captured by contact angle measurement system. The average contact angles were calculated using several images
obtained by high speed camera. TiO, thin films having 100 nm thickness were used. The contact angles between the films and DI water, 1 M NaOH
solution were measured. b Comparison chart for Interfacial free energy. Interfacial free energies were calculated using contact angle and Young's
equation. ¢ Schematics of surface reaction at the TiO, surface. Oxygen vacancies at the surface, produced by H, treatment, promote an easy

(b)

Interfacial free energy (mN-m-)

Distilled Water NaOH (1 M)

N-doped TiO, is reduced due to H, annealing and oxygen
atoms on the TiO, surface escape. However, H, annealing
at a high temperature of 550 °C or higher increases the
carrier concentration too much, causing S, N-doped TiO,
to lose its semiconducting properties and become metal-
lically conductive. The expected behavior of the water
molecules and hydroxyl ions on the surface of S, N-doped
TiO, is illustrated in Fig. 9c. Oxygen vacancies on the
surface created by the H, annealing lower the interfacial
free energy between the TiO, and the electrolyte, mak-
ing TiO, more hydrophilic. The hydrophilic surface has
more active adsorption/desorption of H,O and hydroxyl
groups. In other words, more reactants can participate in
each oxygen evolution reaction step making the overall

OER reaction easier to proceed. Furthermore, the sur-
face disorder leads to the dopant loss at the photoanodes’
surface [62]. Therefore, the surface disorder ruins the
total PEC performance of TiO, photoanodes, especially
for the doped TiO, photoanodes. This work emphasizes
the importance of the optimum condition of H, anneal-
ing for photoelectrode. In the case of photoelectrodes,
the charge separation and transport are important
rather than the photocatalyst, as each carrier migrates
toward the counter electrode and semiconductor/elec-
trolyte interface, respectively. Therefore, the charge trap
of defect level influences further to the photoelectrodes
rather than the bandgap narrowing. Too many defect lev-
els due to the surface disorder promote the charge trap
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and recombination at the surface, which hinders the elec-
tron separation and migration.

4 Conclusions

Our results clearly show the effects of optimum H,
annealing condition on the S, N-doped TiO, based pho-
toanodes. The notable advance in PEC performance for
TiO,-based photoanodes was achieved by the optimum
H, annealing condition. The effective PEC performance
can be explained by the 3.04 mA-cm~? of photocurrent
density, 4.25 times higher than the pristine TiO,. 78.16%
of IPCE at 380 nm wavelength confirms the prominence
of this material at the near-UV spectral range. Moreo-
ver, the outstanding PEC performance was maintained
up to 95% and for 100 h, which shows great reliability of
the photoanodes in this work. The optimum H, anneal-
ing condition for the S, N-doped TiO, photoanodes was
established by examining the crystallographic, bandgap,
and elemental analysis under the various H, anneal-
ing temperature. In a good agreement with the previous
works related to the anatase phase TiO, based black TiO,
photocatalysts, the black color due to the surface disor-
der induces at the rutile phase TiO, photoanodes. The
narrowed bandgap due to the defect level also occurs.
But, too much amount of surface disorder and dopant
loss at the photoanodes’ surface interrupts the PEC per-
formance. Under the optimum H, annealing condition,
the increment of carrier concentration was checked by
Mott-Schottky analysis. Increased hydrophilicity under
the optimum condition was displayed by the contact
angle analysis and calculated interfacial free energy.
Furthermore, by comparing the interfacial free energy,
the H, annealing influences further in the case of 1 M
NaOH electrolyte, which has much higher hydroxyl ion
concentration than the distilled water. Thus, H, anneal-
ing much effectively affects the hydroxyl ion adsorption
rather than the water molecule. Without the support of
the other materials, highly effective TiO, photoanodes
were achieved via a simple hydrothermal process and
annealing under the optimum H, atmosphere. There-
fore, facile mass production is expected by this simple
all solution-based process. Furthermore, these TiO, only
photoanodes promise further improvement by applying
the other effective strategies such as heterojunction and
co-catalyst.
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density of 350 “C air-annealed S, N-doped TiO, photoanode was set as
the reference, displayed as the gray dotted line. Figure S2. XPS spectra

of Ti 2p for H, heat treatment condition. Figure S3. Nanostructure of

the reference samples investigated by SEM. Pristine TiO, nanorod arrays
annealed under (a) ambient air and (b) H, at 350 °C. (c) S, N-doped TiO,
nanorod arrays annealed under ambient air at 350 “C. Figure S4.Ti 2p
XPS spectra of the optimum and reference samples. Figure S5. (3, b) N 1s
and (¢, d) S 2p XPS spectra of the optimum and reference samples. Figure
S6. The results of linear sweep voltammetry(LSV) including non-annealed
samples. LSV curves for (a) pristine TiO, photoanodes and (b) S, N-doped
TiO, photoanodes. Figure S7. Graphs showing the Mott-Schottky curve
fitting for carrier concentration calculation. Mott-Schottky curve fitting
for pristine TiO, nanorod arrays annealed under (a) ambient air and (b) H,
atmosphere. Fitting was also operated to the Mott-Schottky curve of S,
N-doped TiO, nanorod arrays annealed under (c) ambient air and (d) H,
atmosphere. Table S1. Carrier concentration calculation.

Acknowledgements
Not applicable.

Author contributions

JP and SL contributed equally this manuscript. JP and SL designed and carried
out overall experiment. THL performed TEM analysis. CK performed contact
angle measurement. SEJ carried out XPS analysis. JHB performed SEM analysis.
JYK carried out XRD analysis. MGL, SHA and HWJ carefully revised the manu-
script. All authors read and approved the final manuscript.

Funding

The authors gratefully acknowledge the financial support from the Creative,
Material Discovery Program (2016M3D1A1027666, 2017M3D1A1040834,
2018M3D1A1058793) through the National Research Foundation of
Korea funded by Ministry of Science and ICT, the Basic Research Labora-
tory Program through an NRF grant funded by the Korean Ministry of
Science, ICT and Future Planning (2021R1A4A302787811), the KRISS
(Korea Research Institute of Standards and Science) MPI Lab. Program and
the National Research Foundation of Korea (NRF) grant funded by the
Korea Government MSIT (2021R1C1C2006142), and Nuclear Energy R&D
Program(2020M2D8A206983012). The Inter-University Semiconductor
Research Center and Institute of Engineering Research at Seoul National
University provided research facilities for this work.

Availability of data and materials
Not applicable.

Declarations

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Materials Science and Engineering, Research Institute

of Advanced Materials, Seoul National University, Gwanak-ro 1, Seoul 08826,
Republic of Korea. 2Department of Electrical and Computer Engineering, Uni-
versity of Toronto, 35 St. George Street, Toronto, ON M5S 1A4, Canada. 3School
of Chemical Engineering and Materials Science, Chung-Ang University, 84
Heukseok-ro, Dongjak-gu, Seoul 06974, Korea. “Advanced Institute of Conver-
gence Technology, Seoul National University, Suwon 16229, Republic of Korea.

Received: 29 April 2022 Accepted: 27 June 2022
Published online: 19 July 2022


https://doi.org/10.1186/s40580-022-00323-9
https://doi.org/10.1186/s40580-022-00323-9

Park et al. Nano Convergence (2022) 9:33

References

1.

w

L

20.
21

22.

23.
24.

25.
26.

27.

28.

29.
30.

31
32.

33

34
35.

PJ. Landrigan, R. Fuller, N.JR. Acosta, O. Adeyi, R. Arnold, N. Basu, A.B.
Baldé, R. Bertollini, S. Bose-O'Reilly, J.I. Boufford, PN. Breysse, T. Chiles, C.
Mahidol, AM. Coll-Seck, M.L. Cropper, J. Fobil, V. Fuster, M. Greenstone,
A. Haines, D. Hanrahan, D. Hunter, M. Khare, A. Krupnick, B. Lanphear, B.
Lohani, K. Martin, K.V. Mathiasen, M.A. McTeer, C.J.L.. Murray, J.D. Ndahi-
mananjara, F. Perera, J. Potocnik, A.S. Preker, J. Ramesh, J. Rockstrom, C.
Salinas, L.D. Samson, K. Sandilya, PD. Sly, K.R. Smith, A. Steiner, R.B. Stewart,
W.A. Suk, O.C.P. van Schayck, G.N. Yadama, K. Yumkella, M. Zhong, Lancet
391,462-512 (2018)

C.Thiel, J. Schmidt, A.Van Zyl, E. Schmid, Transp. Res. Part A Policy Pract.
63,25-42 (2014)

B. Dudley, Energy (BP, London, 2019)

J.Yin, J. Overpeck, C. Peyser, R. Stouffer, Geophys. Res. Lett. 45, 1069-1078
(2018)

A. Fujishima, K. Honda, Nature 238, 37-38 (1972)

K.A. Davis, S. Yoo, EW. Shuler, BD. Sherman, S. Lee, G. Leem, Nano Con-
verg. 8,1-19 (2021)

U.S.E. I. Administration, International energy outlook (EIA, Washington,
2019)

JH. Kim, D. Hansora, P. Sharma, JW. Jang, J.S. Lee, Chem. Soc. Rev. 48,
1908-1971 (2019)

M.G. Walter, E.L. Warren, J.R. McKone, S.W. Boettcher, Q. Mi, E.A. Santori,
N.S. Lewis, Chem. Rev. 110, 6446-6473 (2010)

C. Liu, C. Kong, F-J. Zhang, C-M. Kai, W-Q. Cai, X.-Y. Sun, W-C. Oh, J.
Korean Ceram. Soc. 58, 135-147 (2021)

. S.Wang, A. Lu, A, CJ. Zhong, Nano Convergence. 8(1), 62 (2021). https://

doi.org/10.1186/540580-021-00254-X.

B.D. Sherman, N.K. McMillan, D. Willinger, et al. Sustainable hydrogen
production from water using tandem dye-sensitized photoelectrochemi-
cal cells. Nano Convergence. 8(1), 7 (2021). https//doi.org/10.1186/
540580-021-00257-8

Z.W. Seh, J. Kibsgaard, C.F. Dickens, |. Chorkendorff, J.K. Norskov, TF. Jara-
millo, Science 355, eaad499 (2017)

A. Wolcott, W.A. Smith, T.R. Kuykendall, Y. Zhao, J.Z. Zhang, Small 5,
104-111 (2009)

D.M. Andoshe, K. Yim, W. Sohn, C. Kim, T.L. Kim, K.C. Kwon, K. Hong, S.
Choi, CW. Moon, S.-P. Hong, S. Han, HW. Jang, Appl. Catal. B 234, 213-222
(2018)

S.S. Bhat, S.A. Pawar, D. Potphode, C-K. Moon, J.M. Suh, C. Kim, S. Choi, D.S.
Patil, J.-J. Kim, J.C. Shin, Appl. Catal. B 259, 118102 (2019)

JY.Kim, K. Zhu, N.R. Neale, AJ. Frank, Nano Converg. 1, 1-7 (2014)

S.A. Lee, JW.Yang, S. Choi, HW. Jang, Exploration (Wiley Online Library,
Hoboken, 2021), p. 20210012

1.S. Cho, Z. Chen, AJ. Forman, D.R. Kim, PM. Rao, T.F. Jaramillo, X. Zheng,
Nano Lett. 11,4978-4984 (2011)

H.Li, J. Xing, Z. Xia, J. Chen, Electrochim. Acta 139, 331-336 (2014)

J.Li, N. Lu, X. Quan, S. Chen, H. Zhao, Ind. Eng. Chem. Res. 47, 3804-3808
(2008)

T. Ohno, M. Akiyoshi, T. Umebayashi, K. Asai, T. Mitsui, M. Matsumura, Appl.
Catal. A: Gen. 265, 115-121 (2004)

N. Sharotri, D. Sud, New J. Chem. 39, 2217-2223 (2015)

J.Tang, AJ. Cowan, JR. Durrant, D.R. Klug, J. Phys. Chem.C 115, 3143-
3150 (2011)

JH. Park, S. Kim, AJ. Bard, Nano Lett. 6, 24-28 (2006)

G.Wang, H.Wang, Y. Ling, Y. Tang, X. Yang, R.C. Fitzmorris, C. Wang, J.Z.
Zhang, Y. Li, Nano Lett. 11,3026-3033 (2011)

R. Dholam, N. Patel, M. Adami, A. Miotello, Int. J. Hydrogen Energy 34,
5337-5346 (2009)

L. Li, H.Tang, Y. Chen, R. Yang, D.Tian, Z. Chen, Electron. Mater. Lett. 16,
481-490 (2020)

M. Xu, P. Da, H.Wu, D. Zhao, G. Zheng, Nano Lett. 12, 1503-1508 (2012)
M. Altomare, K. Lee, M.S. Killian, E. Selli, P. Schmuki, Chemistry 19,
5841-5844 (2013)

J. Zhang, P. Zhang, T.Wang, J. Gong, Nano Energy 11, 189-195 (2015)
T.Van Nguyen, HH. Do, M. Tekalgne, Q. Van Le, T.P. Nguyen, S.H. Hong, JH.
Cho, D.Van Dao, S.H. Ahn, S.Y. Kim, Nano Converg. 8, 1-12 (2021)

M.G. Lee, JW. Yang, H. Park, CW. Moon, D.M. Andoshe, J. Park, C.-K. Moon,
TH. Lee, K'S. Choi, W.S. Cheon, Nanomicro Lett. 14, 1-15 (2022)

X.Chen, L. Liu, Y.Y. Peter, S.S. Mao, Science 331, 746-750 (2011)

M.S. Hamdy, R. Amrollahi, G. Mul, ACS Catal. 2, 2641-2647 (2012)

Page 14 of 14

36. Q.Zhu,Y.Peng, L. Lin, C-M. Fan, G-Q. Gao, R-X. Wang, A.-W. Xu, J. Mater.
Chem. A 2,4429-4437 (2014)

37. K-S.Choi, HS. Jang, CM. McShane, C.G. Read, J.A. Seabold, MRS Bull. 35,
753-760 (2010)

38. T.Hisatomi, K. Domen, Faraday Discuss. 198, 11-35 (2017)

39. K. Maeda, K. Domen, J. Phys. Chem. Lett. 1, 2655-2661 (2010)

40. G. Faccio, K. Gajda-Schrantz, J. hssen, F. Boudoire, Y. Hu, B.S. Mun, DK.
Bora, L. Thony-Meyer, A. Braun, Nano Converg. 2, 1-11 (2015)

41. Z.Chen, HN. Dinh, E. Miller, Photoelectrochemical water splitting (Springer,
Berlin, 2013)

42. A.Naldoni, M. Allieta, S. Santangelo, M. Marelli, F. Fabbri, S. Cappelli, C.L.
Bianchi, R. Psaro, V. Dal Santo, J. Am. Chem. Soc. 134, 7600-7603 (2012)

43. L.Zhang, BK. Miller, PA. Crozier, Nano Lett. 13, 679-684 (2013)

44. JW.Yang, SH. Ahn, HW. Jang, Curr. Opin. Green Sustain. Chem. 29,
100454 (2021)

45. L. Liu, Y.Y. Peter, X. Chen, S.S. Mao, D. Shen, Phys. Rev. Lett. 111, 065505
(2013)

46. K.Zhang, L. Wang, J.K. Kim, M. Ma, G. Veerappan, C-L. Lee, K-J. Kong, H.
Lee, J.H. Park, Energy Environ. Sci. 9, 499-503 (2016)

47. JF.Moulder, Physical electronics (PerkinElmer Inc., Waltham, 1995), pp.
230-232

48. P.Chen, C.Cheng,T. Li,Y.Wang, C. Wang, L. Zhang, Ceram. Int. 47,
1551-1557 (2021)

49. T.L.Thompson, J.T. Yates, J. Phys. Chem. B 109, 18230-18236 (2005)

50. H.Uratani, K. Yamashita, J Phys. Chem. Lett. 8, 742-746 (2017)

51. L. Fang, X.Wang, Z.Wang, Z. Gong, L. Jin, J. Li, M. Zhang, G. He, X. Jiang, Z.
Sun, J. Alloys Compd. 730, 110-118 (2018)

52. W.Wen, J-M.Wu, Y-Z. Jiang, J-Q. Bai, L-L. Lai, J. Mater. Chem. A 4,
10593-10600 (2016)

53. W-Q Wu, H-S. Rao, H-L. Feng, X.-D. Guo, C-Y. Su, D.-B. Kuang, J. Power
Sources 260, 6-11 (2014)

54. S-P Hong, J. Park, S.S.M. Bhat, TH. Lee, S.A. Lee, K. Hong, M.-J. Choi, M.
Shokouhimehr, HW. Jang, Cryst. Growth Des. 18, 6504-6512 (2018)

55. D.M. Andoshe, S. Choi, Y--S. Shim, S.H. Lee, Y. Kim, CW. Moon, S.Y. Lee, T.
Kim, HK. Park, M.G. Lee, J. Mater. Chem. A 4, 9477-9485 (2016)

56. JH.Nobbs, Rev. Prog. Color. Relat. Top. 15, 66-75 (1985)

57. N.Adam, Nature 180, 809-810 (1957)

58. TH.Lee, S.A. Lee, H. Park, M.-J. Choi, D. Lee, HW. Jang, A.C.S. Appl, Energy
Mater. 3, 1634-1643 (2020)

59. F.Song, K. Schenk, X. Hu, Energy Environ. Sci. 9, 473-477 (2016)

60. L.Xu,Q.Jiang, Z. Xiao, X. Li, J. Huo, S. Wang, L. Dai, Angew. Chem. Int. Ed.
Engl. 55,5277-5281 (2016)

61. L.Zhuang, L. Ge,Y.Yang, M. Li, Y. Jia, X. Yao, Z. Zhu, Adv. Mater. (2017).
https://doi.org/10.1002/adma.201606793

62. J.Jiang, C.Ling, T. Xu, W.Wang, X. Niu, A. Zafar, Z. Yan, X. Wang, Y. You, L.
Sun, J. Ly, J. Wang, Z. Ni, Adv. Mater. (2018). https://doi.org/10.1002/adma.
201804332

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://doi.org/10.1186/s40580-021-00254-x
https://doi.org/10.1186/s40580-021-00254-x
https://doi.org/10.1186/s40580-021-00257-8
https://doi.org/10.1186/s40580-021-00257-8
https://doi.org/10.1002/adma.201606793
https://doi.org/10.1002/adma.201804332
https://doi.org/10.1002/adma.201804332

	Regulating the surface of anion-doped TiO2 nanorods by hydrogen annealing for superior photoelectrochemical water oxidation
	Abstract: 
	1 Introduction
	2 Methodsexperimental
	2.1 Preparation of various TiO2 nanorod arrays and TiO2 thin film
	2.2 Materials characterization
	2.3 Measurement of photoelectrochemical performance

	3 Results and discussion
	4 Conclusions
	Acknowledgements
	References




