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Facile and Efficient Atomic Hydrogenation Enabled Black
TiO, with Enhanced Photo-Electrochemical Activity via a

Favorably Low-Energy-Barrier Pathway

Xiaodan Wang, Leonhard Mayrhofer, Markus Hoefer, Sonia Estrade, Lluis Lopez-Conesa,
Hao Zhou, Yuanjing Lin, Francesca Peird, Zhiyong Fan,* Hao Shen,* Lothar Schaefer,

Michael Moseler, Guenter Braeuer, and Andreas Waag*

Black TiO, has demonstrated a great potential for a variety of renewable
energy technologies. However, its practical application is heavily hindered
due to lack of efficient hydrogenation methods and a deeper understanding
of hydrogenation mechanisms. Here, a simple and straightforward

hot wire annealing (HWA) method is presented to prepare black TiO,
(H-TiO;) nanorods with enhanced photo-electrochemical (PEC) activity
by means of atomic hydrogen [H]. Compared to conventional molecular
hydrogen approaches, the HWA shows remarkable effectiveness without
any detrimental side effects on the device structure, and simultaneously
the photocurrent density of H-TiO, reaches 2.5 mA cm~2 (at 1.23 V vs
reversible hydrogen electrode (RHE)). Due to the controllable and
reproducible [H] flux, the HWA can be developed as a standard
hydrogenation method for black TiO,. Meanwhile, the relationships
between the wire temperatures, structural, optical, and photo-
electrochemical properties are systematically investigated to verify the
improved PEC activity. Furthermore, the density functional theory (DFT)
study provides a comprehensive insight not only into the highly efficient
mechanism of the HWA approach but also its favorably low-energy-barrier
hydrogenation pathway. The findings will have a profound impact on the

1. Introduction

Recently, black TiO, has shown significantly
improved activity in the photocatalytic
hydrogen generation due to its unique
optical and electrical properties such as
enhanced optical absorption and improved
electron transport.'3l  Specifically, the
black TiO, with disordered shell delivered
superior properties to overcome the limi-
tations of the large bandgap (rutile 3.0 eV;
anatase 3.2 eV) and lower conductivity of
pristine TiO,,!l and improve visible light
absorption, charge separation, and elec-
tron transport in the photo-electrochem-
ical (PEC) process. Recently, Lii et al
fabricated TiO, homojunction films with
an oxygen-deficient amorphous layer on
top of a highly crystalline layer to simu-
late the similar structural and functional
configuration of H-TiO, nanoparticles,
and found that metallic conduction could
be realized at the crystalline-amorphous

broad energy applications of H-TiO, and contribute to the fundamental

understanding of its hydrogenation.

homointerface via electronic interface
reconstruction, which could explain the
enhanced electron transport of black TiO,.
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Wang et al. reported the visible-light photocatalytic and PEC
properties of aluminum-reduced black TiO,.”! The Al-reduced
amorphous shell is proved to be responsible for the improved
visible-light absorption. Zhang et al. revealed that the disor-
dered shell trapped photogenerated holes and promoted the
charge separation.l®! Therefore, developing novel approaches to
modify black TiO, with the disordered shell is critical to achieve
enhanced PEC activity. Research efforts have been devoted to
the development of hydrogenation approaches such as high-
pressure hydrogenation,”! high-temperature hydrogen gas
annealing,® hydrogen thermal plasma annealing,” most of
which require rigid technical conditions such as high tempera-
ture or pressure, prolonged treatment time, high doses of mole-
cular hydrogen H,, or hydrogen plasma H*. For instance, Chen
et al. reported the high-pressure hydrogenation of TiO, nanopar-
ticles (20 bar H,, 200 °C, 5 days).”! Wang et al. applied the high-
temperature hydrogen annealing on the TiO, nanorods (1 bar
H,, 350-550 °C, 1 h).®l Wang et al. used the hydrogen plasma
annealing on the TiO, nanoparticles (200 W, 500 °C, 4-8 h).[!
To prepare black TiO, with disordered shell in more facile and
cost-effective manners, solution-based reduction methods were
also developed. However, due to surface defects and chemical
residues, the achieved PEC activities of black TiO, are relatively
poor with typical photocurrents lower than 2 mA cm™ (at 1.23 V
vs reversible hydrogen electrode (RHE)).[1%12 Very recently, Xu
et al. used noble metallic Pd nanoparticles to dissociate H, to
atomic [H] (spill-over effect) to prepare black TiO,. The multi-
step approach is efficient, but the achieved photocurrent den-
sity is limited to 2 mA cm™ (at 1.23 V vs RHE) possibly due
to the chemical residues after Pd decoration.!'®l Additionally, the
underlying mechanism of atomic hydrogenation is still unclear.
A recent study also suggested that black TiO, with controllable
crystal-deficient disordered shell attributed to the enhanced
PEC activity.l! Currently, in order to achieve high PEC activity,
the most commonly adopted hydrogenation approaches rely on
molecular hydrogen gas or hydrogen plasma to treat TiO,. How-
ever, the practical application of black TiO, is heavily hindered
due to the extreme hydrogenation conditions like high tempera-
ture or pressure, as well as prolonged treatment time. Therefore,
novel hydrogenation approaches with highly efficient, mild treat-
ment conditions, and fabrication scalability are highly desirable
to synthesize black TiO, with superior properties for practical
PEC applications.

Furthermore, the interaction between hydrogen and TiO,
is an important topic to understand the surface reaction of
hydrogen on TiO," and formation mechanism of disordered
shell in black TiO,.3 Several works were conducted by using
a combination of scanning tunneling microscopy (STM)/
atomic force microscopy (AFM) experiments and ab initio den-
sity functional theory (DFT) simulations.!*22 They studied the
surface effects under very clean conditions and sub-monolayer
coverage of atomic hydrogen. A comprehensive review of this
complex topic is summarized in the Supporting Information.
It is concluded that atomic hydrogen can be absorbed and dif-
fused within the subsurface region of TiO,!*!¥ or lead to the
generation of oxygen vacancies via the desorption of H,0.['>1]
Till now, the surface modification mechanisms that determine
the atomic or molecular hydrogenation processes leading to
black TiO, are rarely studied.
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In this work, we utilized hot wire annealing (HWA) to
produce atomic hydrogen and successfully prepare H-TiO,
nanorods on fluorine-doped tin oxide (F:SnO,, FTO) con-
ducting substrates at mild conditions; in addition, a high
photocurrent density of 2.5 mA cm™ (at 1.23 V vs RHE) has
been achieved. Systematic studies were carried out to reveal
the influences of processing parameters, structural factors, and
optical properties, so as to achieve the insight into the mecha-
nism for enhanced PEC activity with atomic hydrogen treat-
ment. Compared with conventional treatments by using mole-
cular hydrogen gas and hydrogen plasma, the HWA method
provides controllable active atomic hydrogen to prepare H-TiO,
in large scales at relatively low substrate temperatures within
short annealing time, while eliminating side actions from
hydrogen ions and energetic neutrals, demonstrating itself as
a promising and effective hydrogenation method to develop
H-TiO, for applications such as photocatalytic hydrogen
generation, rechargeable batteries, and supercapacitors.l'3!
Moreover, to achieve a deeper understanding of the formation
mechanisms of black TiO,, DFT simulations were performed to
compare different hydrogenation pathways via atomic hydrogen
and molecular hydrogen approaches. The simulation results
matched well with our experiments and revealed the thermo-
dynamic stability of a high surface coverage of atomic hydrogen
on the TiO, surface, which contributes to the efficient forma-
tion of disordered shell in black TiO,.

2. Results and Discussion

2.1. Atomic Hydrogenation: HWA Approach

The approach of the present study applied highly active
atomic hydrogen [H] simply generated by hot wires to treat
TiO, nanorods.?3] Figure 1a shows the typical configuration
of the hot wire system for HWA of TiO, nanorods. A parallel
arrangement of ten tungsten wires with 600 mm length and
0.53 mm diameter was equipped in a vacuum chamber. The
distance between adjacent wires was 50 mm; thus, the distance
between the first and the last wire was 450 mm, and the total
activated area was 600 x 450 mm? (Figure 1a). The samples
were treated at different wire temperatures (1600, 1700, and
1800 °C). The distance between the ten tungsten wires and the
sample surface was 75 mm. During the treatments, the sample
temperature increased to 245, 265, and 290 °C at wire tempera-
tures Ty = 1600, 1700, and 1800 °C, respectively (Table S1,
Supporting Information). Since the generated atomic hydrogen
depends on the wire dimension sizes, wire materials, and wire
temperature and pressure, the flux rate of atomic hydrogen can
be precisely controlled and adjusted by the wire temperature.?’]
The completed hydrogen treatments including all processing
parameters (wire temperature, pressure, hydrogen flux, and
time) were precisely controlled by a programmable recipe;
therefore, reproducible hydrogenations on TiO, nanorods could
be realized. Due to the simple technical configuration, the
HWA is suitable for large-scaled hydrogenation of TiO, for a
variety of practical energy applications. The advanced features
of HWA can be listed as followed: i) the most effective hydro-
genation method till now (low pressure: 1 Pa, low temperature:
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Figure 1. a) Schematic diagram of an HWA process (left) and photograph of a hot wire chemical vapor deposition (CVD) reactor equipped with verti-
cally aligned tungsten wires (right). b) H-TiO, nanorods treated at T, = 1700 °C. Inset: cross-sectional SEM image of H-TiO, nanorods treated at
Tyire = 1700 °C. TEM, HR-TEM images, and FFT patterns of c—e) pristine TiO, and f-h) H-TiO, nanorods treated at T, = 1700 °C. High angle annular
dark field (HAADF)-scanning transmission electron microscopy (STEM) images for the i) pristine TiO, and H-TiO, treated at j) T, = 1700 °C, and
k) 1800 °C, respectively; scale bar = 50 nm. The arrows correspond to the directions along which spatially localized EELS spectra were acquired. |-n)
The corresponding [O]/[Ti] ratios obtained from the quantification of the acquired EELS spectra.
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265 °C, and short time: 20 min); ii) one step and reproducible
processing; iii) clean physical processing by using controllable
and tunable flux rate of active atomic hydrogen to avoid the
chemical residues; iv) general method for hydrogenation of
inorganic metal oxides for broad applications;!3! and v) large-
scaled processing for practical applications. In comparison to
inefficient molecular hydrogenation and multistep solution-
based reduction approaches, HWA with controllable active
atomic hydrogen can be developed to be a standard hydrogen-
ation method for the fabrication of black TiO,. The technical
background of HWA is given in the Supporting Information.

2.2. The Influence of Wire Temperature on the Structural,
Optical, and Photo-Electrochemical Properties

The core-shell structure of H-TiO, nanorods (Table S1, Sup-
porting Information) was investigated by scanning electron
microscopy (SEM) and high-resolution transmission electron
microscopy (HR-TEM). The morphology of H-TiO, treated at a
wire temperature of 1700 °C is similar to that of pristine TiO,
(Figure 1b; Figure S1, Supporting Information). As indicated
in the TEM and HR-TEM images (Figure 1c,d), the pristine
TiO, nanorods are single crystalline, which was also confirmed
by the fast Fourier transform (FFT) pattern presented in
Figure le. The growth direction of the TiO, nanorods is [001]
and the sidewalls are {110}. Figure 1f,g shows the TEM and
HR-TEM images of H-TiO, nanorods treated at Ty, = 1700 °C.
As shown in Figure 1g, the thickness of the disordered shell
is around 2 nm. Figure S2 (Supporting Information) shows
the TEM and HR-TEM images of H-TiO, nanorods treated
at Tie = 1800 °C. It is noted that the thickness of the disor-
dered shell of H-TiO, at T, = 1800 °C is also around 2 nm
while the intensity of its FFT pattern is weaker than that of
H-TiO, treated at Ty, = 1700 °C (Figure 1h) indicating that
more defective features are created in the case of H-TiO, at
Tyire = 1800 °C. Figure 1i-k shows the line scan analysis in the
high angle annular dark field (HAADF)-scanning transmission
electron microscopy (STEM) images for the pristine TiO, and
H-TiO, treated at T = 1700 and 1800 °C, respectively. The
line scan of [O]/[Ti] ratio (Figure 11-n) was estimated from elec-
tron energy loss spectroscopy (EELS) spectra of Ti-L, 3 and O-K
to study the compositional change before and after HWA. It is
shown that the [O]/[Ti] ratio of pristine TiO, remains about 2
from the core to the surface of the TiO, nanorod whereas the
[O]/[Ti] ratio of H-TiO, at Ty = 1700 °C decreases gradually.
The [O]/[Ti] ratio of H-TiO, treated at T, = 1800 °C decreases
even more distinctly than that of H-TiO, at T = 1700 °C. Abe
et al. have measured the density of hydrogen atoms generated
by heated tungsten wires in hydrogen atmosphere, which fol-
lows approximately an Arrhenius law with an activation energy
of 2.53 eV.?l They set the pressure at 1.9 Pa, which is very close
to the conditions we used for HWA treatments. From their
data, the flux of hydrogen atoms can be estimated to increase
from about 3.26 x 10'® atoms cm™ s7! at Ty, = 1600 °C to
about 1.48 x 10'7 atoms cm™ s7! at T, = 1800 °C which is an
increase by almost five times (see the Supporting Information).

The optical absorption spectra of pristine TiO, and H-TiO,
were recorded to study the modified optical absorption of

Adv. Energy Mater. 2019, 1900725

1900725 (4 of 14)

www.advenergymat.de

H-TiO,. Figure S3a (Supporting Information) shows that
the band edge of H-TiO, is redshifted with increased
wire temperatures. In the visible range from 420 to 850 nm,
the absorption of H-TiO, increases gradually with increased
wire temperatures. Figure S3b (Supporting Information) shows
the reflectance spectra of pristine TiO, and H-TiO, nanorods. It
indicates a decreased reflectance (=50%) above the band edge of
TiO, due to the light-trapping effect of 3D TiO, nanorod mor-
phology. The Tauc plots in Figure S3c (Supporting Information)
show that the band edge of H-TiO, is reduced to 2.9 eV in
comparison to that of pristine TiO, (3.0 eV). A scheme for the
conduction-valance band change between pristine TiO, and
H-TiO, treated at T = 1600, 1700, and 1800 °C is provided in
Figure S3d (Supporting Information).

To study the enhanced photo-electrochemical behavior of
H-TiO, nanorods, the measurements of the photocurrent
density versus potential (J-V) (Figure 2a) were performed in
a three-electrode electrochemical system. The J-V curves of
pristine TiO, and H-TiO, samples are compared to study the
influence of wire temperature on the photocurrent density.
Obviously, the photocurrent density increases after treatment at
Tyire = 1600 °C, achieves its maximum value at Ty = 1700 °C,
and then decreases at T = 1800 °C (Figure 2a). The photo-
current density of H-TiO, at T = 1700 °C reaches =2.5 mA
cm2 (at 1.23 V vs RHE) which is >3 times larger than that of
pristine TiO,.

Figure S4a (Supporting Information) shows the incident
photon-to-current efficiency (IPCE) spectra of pristine TiO, and
H-TiO, treated at T;. = 1600, 1700, and 1800 °C, respectively.
In comparison to pristine TiO,, the IPCE of H-TiO, shows the
overall enhancement in the UV range from 300 to 420 nm.
The IPCE of H-TiO, is 20.5% in the range of A = 450-600 nm,
whereas the IPCE of pristine TiO, is nearly zero (Figure S4b,
Supporting Information). The band edge of H-TiO, at Ty =
1700 °C shows the highest redshift whereas the band edge of
H-TiO, at T, = 1800 °C is similar to that of H-TiO, at T, =
1600 °C but shows a small shoulder at 435 nm.

The influence of wire temperature on the conductivity of
H-TiO, was studied by Mott-Schottky (M-S) measurement
(Figure 2b). It is expected that the slope of H-TiO, decreases
with increasing wire temperature indicating the increased
donor density and conductivity according to the M—S equation
(Equation (1))

Nd:( 2 )[d(l/cz)} "
€0EE:r dv

Here Ny is the donor density, e, is the electron charge, &,
is the permittivity of vacuum, ¢, is the dielectric constant of
TiO, nanorods, C is the capacitance, and V is the applied
bias voltage. The calculated donor densities of H-TiO,
are (2.5 + 0.1) x 107 cm™ (1600 °C), (4.6 + 0.1) x 107 cm™
(1700 °C), and (2.1 £ 0.2) x 10'® cm™ (1800 °C), which are
higher than that of the pristine TiO, ((1.5 £ 0.1) X 10" cm™)
(Table S2, Supporting Information). It is evident that the
H-TiO, samples become more conductive with increasing wire
temperature. It correlates with the EELS results that increasing
wire temperature results in higher amount of atomic hydrogen
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Figure 2. a) J-V curves of pristine TiO, and H-TiO, nanorods in T m KOH

Flux of atomic hydrogen (atoms cm? s™)

solution in the dark and under solar illumination. b) M-S plots of pristine

TiO, and H-TiO, nanorods. c) A possible mechanism of enhanced photo-electrochemical behaviors of H-TiO, nanorods treated by atomic hydrogen.
d) Flux of atomic hydrogen, substrate temperature versus wire temperature. ) Donor density, photocurrent density versus flux of atomic hydrogen.

leading to a stronger reduction of the surface of H-TiO,
(Figure 1). Additionally, the flat band potentials (Vj,) of pristine
TiO, and H-TiO, were determined by M-S plots (Figure 2b;
Table S2, Supporting Information). The Vj, of H-TiO, treated
at Tyie = 1600 °C is similar to that of pristine TiO,; however,
the Vg, was observed to decrease from 0.043 V (pristine TiO,) to
—0.005 V for the H-TiO, treated at T,;,. = 1700 °C. The negative
shift of Vy, at Tyie = 1700 °C could be attributed to the sub-
stantially increased donor density (Table S2, Supporting Infor-
mation), which could consequently shift the Fermi level (Eg) of
H-TiO, toward the conduction band (E,). The Vg, was observed
to increase from —0.005 V for the H-TiO, at T, = 1700 °C to
0.036 V for the H-TiO, at T = 1800 °C. It could be due to
the inhomogeneous defective structure of H-TiO, at T;.
1800 °C (Figure S2, Supporting Information).

Since no degradation issue of FTO electrode is observed
in HWA (Tables S1 and S3, Supporting Information), the

Adv. Energy Mater. 2019, 1900725 1900725

relationships between wire temperature and structural, optical,
and photo-electrochemical properties could be characterized
in our study. Based on the X-ray diffraction (XRD) and SEM
data (Figure S1, Supporting Information), the H-TiO, samples
have the same rutile phase and similar morphology to pris-
tine TiO,. However, the marginal structural and composition
changes of H-TiO, found in the HR-TEM and EELS analyses
indicate that HWA affects only the topmost surface of TiO,
without significant change of the bulk properties. The forma-
tion of a disordered shell on the surface of H-TiO, is observed
in HR-TEM images (Figure 1g). The [O]/[Ti] ratios are different
for the samples treated at T, = 1700 and 1800 °C, respectively
(Figure 1m,n). The treatment of H-TiO, nanorods by HWA
atomic hydrogen is mainly constricted to the surface compared
to the treatment by molecular hydrogen. The thickness of the
disordered shell (=2 nm) of the H-TiO, by HWA is less than
that of disordered shell (=5 nm) from conventional molecular

(5 0f 14) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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hydrogen annealing.?®! The penetration of atomic hydrogen

seems to be restricted to the surface of TiO, nanorods because
the reaction between TiO, and active atomic hydrogen will take
place immediately once the atomic hydrogen reaches the sur-
face of TiO,, and subsurface diffusion of hydrogen is a slow
process (see simulation). The optical absorption spectra show
that HWA has a strong effect on the narrowing of the bandgap
(from 3.0 to 2.9 eV) and the enhancement of visible light absorp-
tion (Figure S3, Supporting Information). The J-V curves show
that the samples treated at T, = 1700 °C achieved the best
PEC activity (2.5 mA cm™ at 1.23 V vs RHE) (Figure 2a). The
IPCE curves support the relation between the wire temperature
and photocurrent density (Figure S4, Supporting Information).
The IPCE of H-TiO, for T = 1700 °C shows the best redshift
of band edge (bandgap narrowing) and the best improvement
of visible photoactivity. Recently, two effective and practical
hydrogenation approaches using either lithium reduction® or
Pd-catalyzed instant hydrogenation!'3] could achieve the max-
imum 2 mA cm™ photocurrent density at 1.23 V versus RHE.
In comparison to the photocurrent density of these superior
hydrogenation methods, our approach achieved 2.5 mA cm™
photocurrent density, 25% enhancement.

Figure 2c summarizes the possible mechanisms of enhanced
PEC activity of H-TiO,. i) The 3D nanorod morphology pro-
vides the large surface area and light-trapping ability to increase
the efficiency of electron-hole (e-h) pair generation 7, 1.’
Additionally, in the nanorod arrays configuration, the photo-
generated holes will choose the shortcut pathway via the radial
direction.B%34 The diffusion length of photogenerated holes
in 3D nanorods is much shorter than that of bulk materials. It
means that the efficiency of hole transport My, is enhanced.*!
ii) The bandgap narrowing and the increased visible absorp-
tion will increase the efficiency of e-h pair generation n._,.3%
iii) The properly enhanced donor density will increase the effi-
ciency of charge transport Ny,ne[*® iv) Due to the low-tempera-
ture treatment of HWA, the typical hydrogenation issues such
as TiO, structure destruction and degradation of FTO will be
avoided.®?”] The efficiency of charge transport Ny, will thus
be enhanced due to fewer defects of H-TiO, and high con-
ductivity of FTO current collector. v) Unlike an amorphous
overlayer, the disordered shell is more like a crystal-deficient
overlayer to overcome the efficiency of charge injection at TiO,/
electrolyte interface.’l The photogenerated holes are “trapped”
in the disordered shell with less overlapping with delocalized
electrons to increase the efficiency of charge injection.*8l

Figure 2e shows that the H-TiO, treated at T, = 1700 °C
achieved the best PEC activity whereas the photocurrent density
of H-TiO, treated at higher wire temperature T, = 1800 °C
decreased. It could be attributed to the following reasons:

i) Improper Depletion Region Width:

The donor densities of the H-TiO, nanorods were charac-
terized via Mott—Schottky analysis. As shown in Figure 2b,
the conductivity of H-TiO, increases with increased wire
temperature. Table S2 (Supporting Information) shows the
depletion region width (W) depending on the wire temperature.
Since it is difficult to estimate the real active surface area of 3D
H-TiO, nanorods, we followed the suggestion from Fabrega’s
work!?’l and assigned a donor density of 1.50 x 10'7 cm™3 to the
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pristine TiO,. The equation to calculate the depletion region
width is given as follows (Equation (2))

W= 2€0&, |¢sc| 2
eoNd

Here Ny is the donor density, e, is the electron charge, &,
is the permittivity of vacuum, ¢, is the dielectric constant of
TiO, nanorods, ¢sc=V — Vp, is the maximum potential drop
on the depletion layer. It shows that the sample treated at
Tyire = 1800 °C with the highest donor density has the lowest
depletion region width (Table S2, Supporting Information). The
narrow W leads to inefficient photoelectron-hole separation,
which takes place locally near to the surface. The whole H-TiO,
nanorods treated at T;. = 1800 °C are not fully depleted in
comparison to that of H-TiO, at T;. = 1700 °C.

ii) Improper Atomic Hydrogen Flux:

Abe et al. measured the density of atomic hydrogen gener-
ated from the tungsten wires.?*l Since we used a similar con-
dition, the flux of atomic hydrogen at T;. = 1600, 1700, and
1800 °C can be estimated (Figures S5 and S6, Supporting
Information). Figure S6 (Supporting Information) shows that
atomic hydrogen flux increases exponentially with the wire
temperature.l3% To understand the relationship between the pro-
cessing parameters and the PEC properties, we plotted the cal-
culated values of atomic hydrogen flux for the different wire
temperatures against the donor density and the photocurrent
density, respectively. The flux of atomic hydrogen increases
exponentially with increased wire temperature (Figure 2d).
Figure 2e shows that the donor density also increases exponen-
tially with increased atomic hydrogen flux whereas the photo-
current density reaches the maximum at T;. = 1700 °C and
decreases at Ty, = 1800 °C. The high doses of atomic hydrogen
flux at higher wire temperatures could result in higher defect
concentrations and lower PEC activity.

The higher defects in H-TiO, at higher wire temperatures
can be confirmed by TEM and EELS analyses. TEM results
show that the thickness of the disordered shell of H-TiO,
treated at T, = 1800 °C is similar to that of H-TiO, treated at
Tyire = 1700 °C. However, a > 2 times flux of atomic hydrogen is
dosed in H-TiO, treated at T, = 1800 °C than that of H-TiO,
treated at T = 1700 °C. In the case of 1800 °C wire tempera-
ture, the intensive hydrogenation together with the enhanced
substrate temperature could create more oxygen vacancies,
which is supported by EELS results (Figure 1n). The [O]/
[Ti] ratio at the surface of H-TiO, treated at T;. = 1800 °C
decreases below 1. The HR-TEM image of H-TiO, treated at
Tyire = 1800 °C (Figure S2, Supporting Information) shows a
homogeneous structure through the TiO, nanorods; no evi-
dence of agglomeration of Ti atoms to metallic Ti nanoparticles
is found in any nanorods during the multiple observation
sessions, either already present in the samples or induced by
the electron beam irradiation. X-ray photoelectron spectroscopy
(XPS) results show that Ti-H peak (456.5 eV) instead of metallic
Ti (453.8 eV) is observed in the sample treated at T =
1800 °C (Figure S7, Supporting Information). The formation of
surface Ti—H bonds in H-TiO, would occur at the expense of
surface Ti—OH bonds. More oxygen vacancies are formed via

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

excess [H]. Oxygen vacancies are occupied by [H] to form Hg
defects which could be detrimental to the PEC activity (see the
Supporting Information). It is evident that the HWA treatment
of H-TiO,; at T = 1800 °C is possibly too strong so that the
structure of the H-TiO, nanorods is negatively affected.

To understand the defect changes of H-TiO, nanorods after
the HWA treatment, the EELS spectra of H-TiO, treated at
Twire = 1700 and 1800 °C at core and shell positions are com-
pared (Figure S8, Supporting Information). The Ti-L,; edge of
H-TiO, “shell” treated at T, = 1700 °C shifts toward lower
energy in comparison to that of the H-TiO, “core,” indicating
the generation of Ti** species.!'®l It is noted that the Ti-L,; edge
of H-TiO, “shell” treated at T = 1800 °C shifts also toward
low energy in comparison to that of the H-TiO, “core,” but the
shift is lower than that of H-TiO, treated at T,;,. = 1700 °C, indi-
cating lower concentration of Ti** species than that of H-TiO,
treated at T = 1700 °C. It is evident that the atomic hydrogen
flux will also influence the concentration of Ti** species in the
disordered shell and thus the PEC activity. Table S4 (Supporting
Information) shows the possible charge-transfer model of
H-TiO, samples treated at different wire temperatures. It is
clear that H-TiO, treated at T, = 1700 °C achieves the best
PEC activity due to more suppression of e-h recombination.

2.3. DFT Study on the Formation Mechanism of Atomic
Hydrogenation

To understand the formation mechanism of black TiO, by effi-
cient atomic hydrogenation, here we used DFT simulations to
study the interaction between [H] and rutile TiO, (110) “on a
microscopic level” in comparison to that of molecular H, and
TiO, taking into account thermodynamic aspects and inves-
tigating the possibility of subsurface hydrogen diffusion in
case of an atomic hydrogen environment. The hydrogenation
process is discussed in the following three steps: a) hydroxyla-
tion of the TiO, (110) surface by hydrogen adsorption; b) sub-
surface diffusion of hydrogen; c¢) subsurface hydrogenation.
Since the interaction between hydrogen and TiO, is a complex
topic, a state of the art is summarized (see the Supporting
Information).

2.3.1. Hydroxylation of the TiO, (110) Surface by Hydrogen
Adsorption

Similar to the work of Kowalski et al.,* we determined
the hydrogen adsorption energy for surfaces with different
hydrogen coverages. We employed periodically repeated slab
models with 2 x 4 surface unit cells and 6 O—Ti—O trilayers
where the two layers at the bottom were fixed. Here we investi-
gated hydrogen coverages of 1/4, 1, and 9/8 ML and determined
the corresponding relative Gibbs free energies as a function of
the hydrogen chemical potential iy which is given with respect
to the DFT ground state energy of an isolated hydrogen atom
Hix (Figure 3). For the coverages of 1/4 and 1 ML, the hydrogen
atoms are assumed to occupy the twofold coordinated O, sur-
face ions (Figure S9, Supporting Information).!*] In case of
the 9/8 ML coverage, the additional H atom in the simulation
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box energetically favors the occupation of a threefold coordi-
nated Os. surface site, Figure 3a—c. At the chemical potential of
atomic hydrogen corresponding to the experimental conditions
of 0.01 Pa partial atomic hydrogen pressure and a tempera-
ture of 265 °C or 538 K, the surface with the highest investi-
gated hydrogen coverage of 9/8 ML is thermodynamically most
stable; see Figure 3d. Higher hydrogen surface coverages might
be even more favorable under these conditions but were not
simulated here.

As can also be seen from Figure 3d, at a lower chemical
potential of py — uiy =—2.44eV corresponding to a mole-
cular hydrogen atmosphere, the 1/4 ML hydrogen coverage
becomes thermodynamically more favorable. This crossover
corresponds to a molecular hydrogen pressure of 70 bar at a
typical molecular hydrogen treatment temperature of 400 °C.
For sub-monolayer coverages > 1/4 ML (not investigated here),
this crossover will take place at higher chemical potentials cor-
responding to even higher pressures of molecular hydrogen
as shown by the simulations of Kowalski et al.'l In general,
the molecular hydrogen treatment processes will result in sub-
monolayer hydrogen coverages. In case of an atomic hydrogen
treatment with higher chemical potential, the desorption of H,
molecules cannot be excluded. The overall hydrogen coverage
will reach a stationary state depending on the adsorption and
desorption kinetics, which are investigated in the following. In
the case of atomic hydrogen, the hydrogen adsorption shows
very low or no energy barriers. The atomic hydrogen adsorp-
tion at an O, site to change the coverage from 7/8 to 1 ML
yields a barrier of 0.02 eV (not shown). Furthermore, for the
1 ML covered surface, our simulations predict barriers of 0.08
and 0.12 eV for hydrogen adsorption at an Os. surface site and
at an O, surface site, respectively. The resulting configurations
are denoted as HOs. and H,0,, in Figure 3e. In the latter case,
a chemisorbed H,O molecule is obtained. The adsorbed H,O
molecule, however, shows an almost vanishing energy bar-
rier to dissociate and hydroxylate an adjacent Os. surface site
of the HOs, state. Alternatively, the H,0 molecule could also
desorb from the surface, thereby creating an oxygen vacancy.
Disregarding temperature, this process is endothermic. Yet,
at higher temperatures H,O desorption is mainly driven by
entropy and the desorption barrier can be approximated by the
free energy of the desorbed water molecule.'”] Thus, at suffi-
ciently high temperatures, H,O desorption will compete with
the dissociation reaction which leads to the formation of the
HO;, surface configuration. According to the work reported by
Du et al.l'”l the H,0 desorption becomes exothermic at tem-
peratures between 500 and 600 K. We note that these values are
very close to the substrate temperatures during our hydrogena-
tion process which range from 518 to 563 K for the different
wire temperatures from 1600 to 1800 °C.

In addition to O,. and O;, surface sites, atomic hydrogen can
also be adsorbed at a fivefold coordinated Tis. titanium surface
ion. The corresponding configuration is denoted as HTis. in
Figure 3e. This process has no energy barrier since the energy
is monotonically decreasing along the adsorption path such
that the occupation of Tis. surfaces sites by hydrogen is a highly
likely process. A transition from the HTis, configuration to the
energetically more stable HO;. configuration is, however, kinet-
ically suppressed by an energy barrier of 1.53 eV.
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Figure 3. a—c) Atomistic structures of TiO, (110) with 1/4, 1, and 9/8 ML surface coverages. d) Gibbs free energy of the different surface coverages
versus hydrogen chemical potential and partial pressure of atomic hydrogen at T = 265 °C. The hydrogen chemical potential u is given with respect
to the DFT ground state energy of a single hydrogen atom uf. The DFT ground state energies of single hydrogen atoms (£43) and molecules (uy,)
are indicated by dotted vertical lines. The chemical potential corresponding to the partial atomic hydrogen pressure of 0.01 Pa is shown by a solid
vertical line. e) Hydrogenation pathways of atomic hydrogen in contact with the (110) rutile surface with an initial hydrogen coverage of T ML with
corresponding energy barriers Eg. The surface configuration labeled by a green field has a 1 ML hydrogen coverage corresponding to eight hydrogen
atoms per surface unit cell in our DFT simulations. Surface states with 9/8 ML coverage or nine hydrogen surface atoms per unit cell are indicated by
blue fields and yellow fields are used to indicate a 7/8 ML hydrogen coverage. The DFT ground state energies of the different configurations are given
with respect to the lowest-energy configuration HOj3, of the surface with 9/8 ML coverage.
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In the next step, we discuss H, desorption from the TiO,
rutile (110) surface with 9/8 ML hydrogen coverage in order
to investigate whether high hydrogen coverages are unstable
against fast H, desorption. From previous DFT studies using
the Perdew—Burke-Ernzerhof (PBE) functional, the formation
and desorption of H, molecules from adjacent hydroxylated O,
sites of the (110) rutile surface with sub-monolayer hydrogen
coverage was found to be suppressed due to high-activation bar-
riers of around 2 eV.*15] A similar value of 2.5 eV was obtained
for the H, desorption from O, sites of the anatase (101) sur-
face using the PBEO hybrid functional.l'l Using the PBE +U
approach, we obtained a similar barrier of 1.72 eV for H, des-
orption from a hydroxylated O;./O,. surface site pair of the
most stable surface configuration HOs3. with 9/8 ML hydrogen
coverage. Here, instead of a direct desorption, the process
via the intermediate occupation of a Tis. surface site (HTis,
in Figure 3e) is favored in agreement with the work of Wang
and Fan.["! Due to the large energy barrier, H, desorption will
be kinetically suppressed from the energetically most stable
HOj;, configuration compared to the fast adsorption kinetics
of atomic hydrogen. Interestingly, H, desorption from the con-
figuration HTis, with hydroxylated O, /Tis. surface site pairs
shows a considerably lower desorption barrier of 0.41 eV and
hence hydroxylated Tis, sites which have vanishing adsorption
barriers for atomic hydrogen can easily release H, during the
atomic hydrogenation process.

In total, our simulations indicate that the adsorption of atomic
hydrogen is a very fast process compared to H, desorption for
all of the three different surface site species O,., Os,, and Tis,,
such that under the condition of an atomic hydrogen environ-
ment, a high hydrogen coverage of the (110) rutile surface can
be expected. Of importance is that at high surface hydrogen cov-
erages beyond 1 ML, the occupation of Os. sites can be expected,
since this is energetically the most favorable configuration, and
H, desorption from hydroxylated O;./O,. pairs is kinetically
suppressed. For comparison and to identify main differences
between the atomic and molecular hydrogenation approaches,
we have additionally investigated the hydroxylation of a (110)
rutile surface by molecular hydrogen (see the Supporting Infor-
mation). The main results are that thermodynamically only sub-
monolayer hydrogen coverages of the (110) surface are stable
and that the dissociative adsorption of molecular hydrogen at
the favored O, surface sites is kinetically suppressed due to
high energy barriers, whereas the formation of oxygen vacancies
via the desorption of H,O can be expected at high-enough tem-
peratures (Figure S10, Supporting Information).

2.3.2. Subsurface Diffusion of Hydrogen

In the work by Yin et al.'® where high hydrogen surface cov-
erages were obtained after a single exposure of a rutile (110)
surface to atomic hydrogen, only very weak H, and H,0 des-
orption was observed, although the surface hydroxylation degree
decreased gradually with increasing surface temperature. It
was concluded that the hydrogen diffused into the subsurface
region. However, the subsurface diffusion turned out to be
a controversial topic, since DFT simulations showed that
the hydrogen pathway from the energetically favored O,  surface
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sites at sub-monolayer hydrogen coverage to the first subsurface
layer has a rather high energy barrier of more than 1.5 eV and
hence it is a very slow process at moderate temperatures.1*2’!
On the other hand, the subsurface diffusion starting from the
O3 surface sites has a considerably lower energy barrier of
around 1 eV or below.'*!8 As we have shown above in the case
of atomic hydrogen treatment high surface coverages beyond
1 ML resulting in the formation of hydroxyl groups at Os, sites
can be expected. From our simulations we identified an effec-
tive barrier of 0.87 eV for the diffusion of hydrogen from the
lowest-energy configuration HOs, of the 9/8 ML covered surface
with the occupied Os. surface sites to the first subsurface layer
(Figure 3e) in good agreement with the calculations at lower
surface coverages.'*!8 Hence, subsurface diffusion from the
HO;, state with 9/8 ML coverage has indeed a lower energy bar-
rier than the corresponding barrier for H, desorption. At suf-
ficiently low temperatures, hydrogen subsurface diffusion will
also dominate over H,0 desorption which is purely driven by
entropy. Additionally, it was shown that surface oxygen vacan-
cies suppress H,O desorption!™ such that at sufficiently high
concentrations of surface oxygen vacancies, hydrogen subsur-
face diffusion will also likely dominate over H,0O desorption.

In summary, our simulations indicate that as a result of O;,
surfaces sites occupied by hydrogen the subsequent subsur-
face hydrogenation can be expected in case of atomic hydrogen
treatment depending on the substrate temperature. However,
in case of a molecular hydrogen treatment, in general only sub-
monolayer hydroxylation degrees are obtained and the occu-
pation of O, sites is thermodynamically not favorable. Hence
subsurface diffusion O,c — Og, is kinetically suppressed
in case of a molecular hydrogen treatment (Figure S10, Sup-
porting Information).

2.3.3. Subsurface Hydrogenation

Our simulations of surface hydroxylation and hydrogen diffu-
sion indicate that in an environment of atomic hydrogen atmos-
phere, the subsurface diffusion is a viable hydrogenation route.
In the next step, we investigated if the absorption of hydrogen
in the subsurface region is thermodynamically possible with
respect to the chemical potential of atomic hydrogen and whether
we see a dependence of the absorption energetics on the con-
centration of absorbed hydrogen. To answer this question, slab
models with 2 x 3 surface unit cells and 4 O—Ti—O trilayers were
set up, and all twofold coordinated oxygen surface ions at the
top and bottom surface were saturated with H from the begin-
ning corresponding to a 1 ML coverage. Then the hydrogen
concentration of the TiO, slabs was successively increased by
randomly inserting H ions into the TiO, slabs. The investi-
gated compositions of the simulation box were TigOosH1s4,.6,
n=0,1, ..., 11,12 corresponding to subsurface hydrogen concentra-
tions of 0-1.9 wt%. For each composition, eight different random
samples were generated and relaxed. It was asserted that during
the relaxation process, no H, molecules were formed but that
all hydrogen atoms were chemically bonded to the TiO, lattice.
In Figure 4c, the DFT cohesive energy evolution is shown for
the different compositions. Interestingly, a linear dependence of
the cohesive energy on the H concentration is found up to the
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Figure 4. a) Adsorption free energy change for H incorporation in TiO, lattice as a function of temperature and pressure. Blue area corresponds to
negative free energy changes and thus to conditions where H absorption is thermodynamically favorable. The line of zero free energy change is shown
as a black line. b) Like panel (a), but with molecular hydrogen as the reference. ¢) DFT cohesive energy with respect to atomic hydrogen as reference
versus number N of randomly added hydrogen atoms in TiO, slab models with composition TisgOgsH1,,n. The corresponding weight percentage of
additional hydrogen is also shown. A linear regression yields an average energy gain of 1.76 £ 0.01 eV for uptake of one hydrogen atom. d) Percentage
of broken Ti—O bonds as a function of the number of added H atoms per supercell and the corresponding H concentration in wt%. €) Mean Ti—O
bond lengths as a function of the number of added H atoms per supercell and the corresponding H concentration in wt%. Error bars in panels (d) and
(e) indicate the standard deviation of the eight random samples per system composition. f~h) Examples of relaxed TiO, model slabs with composi-
tions TiggOggH124n, N =10, 36, and 72.

highest investigated concentrations. A linear regression yields
an absorption energy Ey., = —1.76 + 0.01 eV per hydrogen
atom where Ey,, is given with respect to atomic hydrogen,
Etiab = Eti ot —(E;?fgo%Hu +Nu - Eyaomic).  Negative  values
indicate that the H absorption is stable with respect to atomic H.

Using molecular hydrogen as a reference, the absorption energy
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becomes positive ER9, = 4+0.50 eV meaning that the incorpora-
tion of H into the TiO, subsurface region is energetically not
favorable in the presence of a molecular hydrogen environment.
At elevated temperatures and low pressures, H absorption is
less favorable due to thermodynamic effects; see Figure 4. From
a thermodynamic point of view, the hydrogen incorporation
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into the TiO, lattice is favorable if the surface is in contact with
atomic hydrogen under the experimental conditions of sub-
strate temperatures of around 265 °C (538 K) and an atomic
hydrogen pressure of 0.01 Pa, but on the other hand, it is not
stable with respect to H, desorption; see Figure 4a,b. However,
the H, desorption is, kinetically, strongly suppressed at mod-
erate temperatures as shown above. We note that the steady-
state absorption concentration of H in the subsurface region of
TiO, during the hydrogen treatment will be determined by the
kinetics of adsorption and diffusion of atomic hydrogen on the
one hand and the desorption kinetics of H, or surface H,0 on
the other hand. Moreover, as a structural analysis of the simu-
lated TiO, slabs shows, see the following sections, at high con-
centrations of absorbed H, the TiO, lattice becomes distorted by
the breaking and elongation of Ti—O bonds which might lead in
turn to altered diffusion barriers and kinetics. A more detailed
investigation of the surface hydrogenation of TiO, including the
effect of structural changes, temperature, hydrogen coverage,
and oxygen vacancy concentration will give additional insights
into the hydrogenation process using atomic hydrogen, but is
beyond the scope of the present work.

Thus, from the thermodynamic point of view, atomic
hydrogen can easily be incorporated into the subsurface region
at the substrate temperatures and hydrogen pressures of our
experiments whereas with molecular hydrogen as reference,
the incorporation of hydrogen in the TiO, lattice seems not to
be feasible, unless extremely high molecular hydrogen pres-
sures beyond 10' Pa are applied in the investigated tempera-
ture range between 273 and 1273 K (Figure 4b).

In order to understand if a high concentration of atomic
hydrogen in the TiO, subsurface region can lead to structural
lattice disorder, the structure of the hydrogenated TiO, slabs
was analyzed as a function of hydrogen content. Structural
changes in TiO, require the breaking or weakening of Ti—O
bonds.["®l Our structural analysis shows that our relaxed con-
figurations with randomly added H ions are indeed prone to
the breaking of Ti—O bonds with increasing hydrogen content
(Figure 4d). Moreover, we also find that the remaining Ti—O
bonds are elongated with respect to the hydrogen-free ref-
erence system; see Figure 4e. As cutoff for the Ti—O bonds,
we have chosen a value of 2.5 A which is well above the value
of the mean Ti—O bond length of 2.0 A of the reference slab
model.

2.4. The Interaction Between [H] and TiO, at Different Wire
Temperatures and Its Effect on the Photo-Electrochemical
Activity

2.4.1. The Interaction between [H] and TiO, at Different Wire
Temperatures Based on EELS, XPS, and DFT Results

H-TiO, Samples at T,;,, = 1600 °C: H incorporated in disordered
TiO, lattice, subsurface diffusion of H to form OH groups in
the subsurface area is the main hydrogenation process. This
leads to Ti** ions (localized polarons) and hence to increased
charge carrier density compared to the pristine sample.
H-TiO, Samples at T,;,, = 1700 °C: H incorporated in disor-
dered TiO, lattice is the main hydrogenation process. Ti** ions
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are formed due to H doping and Ti—OH formation. Due to the
higher H flux, the Ti** concentration is larger than that in the
1600 °C sample. Additionally, H,O desorption and the simul-
taneous formation of oxygen vacancies takes place at low rates
due to low substrate temperature and relatively low [H] flux.

H-TiO, Samples at T,;,, = 1800 °C: H incorporated in disor-
dered TiO, lattice to form Ti—OH. More oxygen vacancies (Vo)
are formed due to excess [H] (strong reduction) and local sur-
face heating via the recombination of H pairs. Oxygen vacan-
cies are occupied by H to form H defects.

Figure S6 (Supporting Information) shows that the
flux of atomic hydrogen increases exponentially (not lin-
early) with increasing wire temperature. The flux of [H] at
Tyire = 1800 °C is two times higher than that at T, = 1700 °C.
It is possible that more oxygen vacancies are formed on the
surface of sample treated at T, = 1800 °C by [H] resulting
in [O]/[Ti] ratio below 1 at the surface of H-TiO,. Figure 1m
shows gradual small change of [O]/[Ti] in the 1700 °C sample
whereas a dynamically big change of [O]/[Ti] (below 1 near to
surface) in the 1800 °C sample is observed in Figure 1n indi-
cating the formation of oxygen vacancies and destruction in the
1800 °C sample. Additionally, the FFT patterns of the 1800 °C
sample (Figure S2¢, Supporting Information) are more dif-
fuse than that of the 1700 °C sample (Figure 1h) indicating
the highly defective structures in the 1800 °C sample. Due to
strong H reduction on the sample treated at T;. = 1800 °C,
the concentration of Ti** decreases due to the destructive and
unstable chemical surrounding, such that the following reac-
tion Ti*t — Ti*" — Ti?* will take place

2Ti0, (Ti**) 55 Ti,0, (Ti* )+ H,0 T 5 2Tio(Ti*' )+ H,0 T (3)

In total, the concentration of Ti** species in H-TiO, treated
at T,ie = 1800 °C is lower than that of H-TiO, treated at
T = 1700 °C.

2.4.2. The Relation between [H], Wire Temperature, Ti Species,
Defects, and PEC Activity

It is evident that the Ti** concentration increases with
increasing the wire temperature from 1600 to 1700 °C and
decreases with further increasing the wire temperature to
1800 °C (Ti**(1600 °C) < Ti**(1700 °C) > Ti**(1800 °C)). Since
Ti** is responsible for the bandgap narrowing and enhanced
visible-light absorption,! it shows the similar tendency in our
optical absorption spectra (Figure S3, Supporting Information).
Figure S11 (Supporting Information) shows the typical forma-
tion of occupied Ti*" midgap in the bandgap to promote the
visible-light absorption and enhance the visible-light-driven
PEC activity. Higher Ti** concentration in the H-TiO, sample
treated at T, = 1700 °C results in narrower bandgap (2.92 eV)
and better visible-light absorption to increase the efficiency
of e-h pair generation and enhance the photocurrent density
(2.5 mA cm™2 at 1.23 V vs RHE). Due to the strong hydro-
genation in the H-TiO, sample treated at T, = 1800 °C, the
formed defective structure will increase the e-h recombination
rate k, and decrease the photocurrent density (2.0 mA cm™ at
1.23 V vs RHE). The relation between the wire temperature,

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

Ti species and defects is reasonable for the evaluation of photo-
current density.

In summary, the interaction between [H] and TiO, at dif-
ferent wire temperatures results in different Ti species and
defects which are responsible for different PEC activities.

2.5. Comparison of H, and [H]-Based Hydrogenation

To Dbetter understand the hydrogenation efficiency of HWA,
HWA is compared with the conventional molecular hydrogen
approaches (Figure S12, Tables S5-S7, Supporting Information).
The HWA approach provides a low temperature (265 °C) with
low pressure (1 Pa) for TiO, treatment, which is close to the low
temperature of high-pressure molecular hydrogen treatment
(200 °C, 20 bar, 5 days).”l However, the hydrogenation efficiency
is significantly improved with the treatment time reduced from

Table 1. Different formation pathways of disordered shell: [H] versus H,.

www.advenergymat.de

5 days to only 20 min via the HWA method. In comparison to
the high-temperature hydrogen gas approach (400 °C, 1 bar,
1 h),Bl HWA treated the samples at a low temperature to avoid
the degradation of FTO electrodes and destruction of TiO,. If we
consider the hydrogen flux in both case, about 139 atomic hydro-
gens hit on the (110) unit cell area whereas =1.4 x 10° molecular
hydrogens hit on the (110) unit cell area. It is evident that our
HWA approach is a more efficient hydrogenation method. Using
DFT simulation, we studied the possible formation mechanism
of black TiO, upon atomic hydrogen treatment in comparison to
the molecular one. The gained physical insight confirmed our
experimental observations. It indicated that the two hydrogen
treatment procedures might provide different pathways of TiO,
hydrogenation (Table 1). From the thermodynamic point of view,
atomic hydrogen is more favorable to be incorporated within the
TiO, lattice. Low energy barriers for hydrogen adsorption and
diffusion into the subsurface region of TiO, allow hydrogenation

[H]

H,

Hydroxylation

Subsurface diffusion

Subsurface H-doping

Formation of disordered shell

Almost no barrier for adsorption of atomic
hxdrogen — Low temperature is sufficient
H, desorption is suppressed due to high energy barrier
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at lower temperatures. High concentrations of hydrogen within
the subsurface region lead to a weakening of Ti—O bonds and
result in the formation of lattice disorder in a shell near the
surface. In contrast, high temperatures or pressures typically
have to be applied in molecular hydrogen treatments due to the
high barriers for dissociative adsorption of molecular hydrogen.
Under these conditions, only the desorption of H,0 and the
concomitant formation of oxygen vacancies are thermodynami-
cally favorable in order to generate lattice disorder.

3. Conclusions

In summary, we presented a facile, low-temperature and
highly efficient method for controllable atomic hydrogenation
treatment on TiO, nanorods. In an HWA process, the active
atomic hydrogen is generated catalytically on the surfaces of
heated tungsten wires and is capable to achieve high-quality
H-TiO, surfaces without introducing side effects on the sen-
sitive H-TiO, surface structure. Such a low-temperature pro-
cess also eliminates the degradation of FTO substrates, which
affect the PEC activity. The influences of wire temperatures on
the structural, optical, and PEC properties of H-TiO, nanorods
were systematically characterized. The results demonstrate that
atomic hydrogenation leads to the effective and facile formation
of a disordered shell on the H-TiO, nanorods, which contrib-
utes to the narrowed bandgap, increased visible light absorp-
tion, and thus a significant improved PEC activity. Besides, DFT
simulations reveal that in the case of atomic hydrogen treat-
ment, the formation of a disordered shell is thermodynami-
cally favorable and hydrogen uptake in the subsurface region
can proceed through O3, — Oy, low-energy-barrier pathway. In
the case of molecular hydrogenation, only H,O desorption and
formation of oxygen vacancies are thermodynamically feasible;
therefore, high pressure and/or high temperatures are needed.
The as-developed HWA method demonstrated its potency for
developing a standard hydrogenation method in future and the
systematic and fundamental study in this work provide insights
into the superior properties of black TiO, for a variety of energy
applications.
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