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In spite of their remarkable enhancement in visible light absorption,
black TiO, materials have failed to demonstrate expected photo-
catalytic activity in visible light due to the presence of a high
number of recombination centers. In this report, a new controlled
magnesiothermic reduction has been developed to synthesize
reduced black TiO, under a 5% H,/Ar atmosphere. The material
possesses an optimum band gap and band position, oxygen vacancies,
surface defects, and charge recombination centers and shows signifi-
cantly improved optical absorption in the visible and infrared region.
The synergistic effects enable the black TiO, material to show an
excellent hydrogen production ability in the methanol-water system
in the presence of Pt as a co-catalyst. The maximum hydrogen
production rates are 43 mmol h™* g~* and 440 pmol h™ g%, along
with remarkable stability under the full solar wavelength range of light
and visible light, respectively, and these values are superior to those of
previously reported black TiO, materials.

TiO, has been widely studied as a semiconductor photocatalyst
for hydrogen production, CO, reduction, and environmental
pollution removal.'™ However, due to its large band gap
(anatase, 3.2 eV and rutile, 3.0 eV), its optical absorption is
confined to the ultraviolet (UV) region of the solar spectrum.
Several different approaches have been carried out to enhance
the light absorbance capacity and extend it towards the visible
light by band gap engineering. All these efforts have enhanced
the visible light absorption and the photocatalytic activity.
However, the results are not up to the mark. Recently, Chen
et al. reported black hydrogenated TiO, with enhanced solar
light absorption.” Further studies on hydrogenated TiO, have
shown significant enhancement in visible light absorption and
photocatalytic activity for hydrogen production.®™® Different
groups employed different reaction conditions and different

Department of Energy Systems Engineering, DGIST, Daegu, 711-873,

Republic of Korea. E-mail: jsyu@dgist.ac.kr

+ Electronic supplementary information (ESI) available: Experimental and char-
acterization techniques in detail, results of material characterization and photo-
catalysis. See DOI: 10.1039/c5ee02443a

This journal is © The Royal Society of Chemistry 2015

hydrogen productionf

Apurba Sinhamahapatra, Jong-Pil Jeon and Jong-Sung Yu*

Broader context

One of the most important research areas in modern decades is the
production of hydrogen from water using visible light owing to the energy
crisis for the present and future generations. Photocatalytic water split-
ting is one of the easiest ways, but has been suffering from the lack of
potential catalyst systems. Black TiO, is one of the promising catalysts for
hydrogen production with astonishing light absorption in the full solar
wavelength range of light compared to white TiO, (absorbs only UV light).
Although its activity is remarkably improved under the full solar wave-
length range of light and UV light, black TiO, fails to impress the world
with its activity for visible light-assisted hydrogen production due to the
presence of large amounts of recombination centers that are produced
during synthesis. Different methods were used to prepare black TiO, to
improve its visible light activity, but were limited to only a slight
improvement. In this work, a new approach has been developed to
achieve highly efficient and remarkably stable black TiO, that
outperforms the previous reported black TiO, in terms of hydrogen
production ability under visible light as well as the full solar
wavelength range of light. The developed method provides a new
direction towards the development of a TiO,-based photocatalyst for
visible light hydrogen production and also for other applications that
can use black TiO,.

initial TiO, materials to prepare hydrogenated or reduced TiO,
with different colors like yellow, blue, gray, and black. Lu et al.
studied the color change of commercial Degussa P25 at room
temperature, employing a high pressure hydrogen (35 bar)
environment.'” Liu et al. reported black TiO, nanotube arrays
converted by a high pressure H, treatment, with improved
activity."® Sun et al prepared black TiO, nanocrystals with
different facets by employing high pressure.** Qiu et al. reported
the rapid synthesis of blue rutile TiO, employing a 40 bar
pressure at 450 °C."” Yu et al. prepared hydrogenated anatase
TiO, nanosheets under a H, gas flow at atmospheric pressure
and a temperature of 500-700 °C for various time periods to
induce gradual changes in color from blue to gray." Li et al.
prepared grey mesoporous anatase TiO, microspheres using a
hydrogen treatment process."® Wang et al. prepared temperature
dependent yellowish green and black hydrogenated rutile TiO,
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nanowire arrays by employing ambient hydrogen pressure.’®
Naldoni et al. used a H, stream and amorphous TiO, to prepare
black TiO, nanoparticles and also study the effect of the cooling
process.'® Liang et al. reported a hydrogenated anatase TiO,
inverse opal structure.”® Reduced hydrogenated TiO, was also
prepared using ambient hydrogen-argon or nitrogen treatment
at high temperature.”'%'®*'>* Danon et al have shown the
effect of reactor materials on the properties of reduced TiO,.**
Hoang et al. prepared reduced TiO, nanowire arrays by the
co-treatment of H, and NH; and showed the synergistic effect
of Ti** and N.'® Myung et al. used only an argon atmosphere
to prepare black TiO, nanoparticles using yellow TiO, gel at
400-600 °C.* To justify the enhancement of the optical proper-
ties and photocatalytic activity of black or hydrogenated TiO,,
different property factors were recognized such as surface lattice
disorders, oxygen vacancies, Ti** ions, Ti-OH and Ti-H groups,
and band edge shifting. However, these property factors vary,
mainly depending on the synthetic methods."" Later on, different
synthetic methods like hydrogen plasma, chemical reduction,
chemical oxidation, and electrochemical reduction have been
employed to obtain black TiO,."***%” Other than photocatalysis,
black TiO, also finds applications in various fields e.g. Li-ion
batteries, Al batteries, supercapacitors, fuel cells, photoelectro-
chemical sensors, field emission electrodes, catalysis, and micro-
wave absorbers.>>>*38-44

However, despite the dramatic enhancement of optical
absorption of black TiO, materials, many of them do not show
the expected efficiency for visible light-assisted water splitting.>"*
This can be ascribed to the presence of several controlling factors
(vide supra), which can also have negative effects on the photo-
catalytic performance. For example, surface defects and/or oxygen
vacancies, considered one of the important property factors, act as
electron donors to enhance donor density and improve the charge
transportation in black TiO,.>® However, the high concentration
of oxygen vacancies and/or surface defects can also act as charge
recombination centers, which eventually decrease the photo-
catalytic activity.® Very recently, a review article on black TiO,
materials was published by Chen et al.'" describing the different
synthesis methods and the improvement of different properties of
black TiO, materials. It was suggested that “more efforts are
needed from synthesis to property and application in order to
finally improve the efficiency of black TiO, nanomaterials for
practical applications in renewable energy, environment, and
others”. Therefore, a black TiO, material with optimized properties
would be highly desired for visible light photocatalysis.

Herein, we report for the first time the magnesiothermic
reduction of TiO, nanoparticles in the presence of H,/Ar
followed by acid treatment to obtain Mg-free reduced black
TiO, nanoparticles for enhanced photocatalytic hydrogen produc-
tion in the methanol-water system. Industrially, the magnesio-
thermic reaction has been used in the reduction chemical
process, for example, reduction of silica to silicon. The reduction
of titanium chloride (TiCl,) in the presence of magnesium at
high temperature produces metallic titanium, and the process
is known as the Kroll process.*> This is the inspiration for the
present work.
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We have prepared different reduced black nano TiO,
samples by varying the molar ratio of TiO, and Mg, and
denoted them as BT-X (where X (=0.3, 0.5, 0.6, 0.75 and 1) is
the molar ratio of Mg with respect to TiO,). Commercially
available nano (10-15 nm) anatase TiO, (CT) was used as a
precursor. For comparison, samples were also prepared in the
absence of Mg (CT-H), hydrogen (BT-X-Ar), and both (CT-Ar)
while keeping other parameters identical. All the prepared
samples were surface-deposited with Pt nanoparticles by photo-
reduction and studied for photocatalytic hydrogen production in
methanol-water. The experimental details and characterization
techniques are provided in the ESL}

The powder X-ray diffraction (XRD) patterns of the different
samples are presented in Fig. S1 (ESIt). Mainly, the anatase
phase of TiO, with a slight presence of the rutile phase is
observed for the prepared samples. Although the XRD analysis
does not indicate any major structural change during magne-
sium reduction except for the introduction of the rutile phase,
it can be assumed that Mg changes the surface of the TiO,
particles, which results in color changes from white to gray and
black with increasing Mg (Fig. S2 for color change in the ESIT).

Raman spectroscopy was used to investigate the reduced
black TiO, further (Fig. 1a). The Raman spectrum of CT-Ar
shows 6 (3E; + 2By, + Ajy) characteristic Raman bands of the
typical anatase TiO, phase with the strongest Eg band around
at 148 cm™'. The band exhibits a blue shift accompanied by
peak broadening for black TiO, samples compared to CT-Ar.
This phenomenon was also reported earlier and attributed
to non-stoichiometry over the surface of the modified TiO,
samples and can be directly correlated to oxygen deficiency at
the surface.’”*%?3 It could be assumed that during magnesio-
thermic reduction, the lattice periodicity and the octahedral
symmetry of TiOg are destroyed on the surface. Here, it should
be mentioned that the sample BT-1 shows a slight distorted
spectrum, which may be due to the over-reduction and phase
transition from anatase to rutile in the presence of a high
amount of Mg.

The morphology of commercial nano TiO, (CT) and BT-0.5
was observed by high-resolution transmittance microscopy
(HR-TEM) analysis. According to the images (Fig. S3, ESIT),
the CT and BT-0.5 samples show a particle size around 10-20 nm.
The lattice fringe pattern with a spacing of 0.35 nm confirms the
(101) plane of anatase TiO,. Here, it should be mentioned that
the {101} facets of anatase TiO, are most active for hydrogen
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Fig.1 Raman spectra (a) and absorption spectra (b) of the different
samples. An extended absorption slope is also seen in the inset of (b).
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production from water splitting in the presence of Pt as a
co-catalyst.*®

The absorption spectra (Fig. 1b) of the samples clearly depict
an extended absorbance from the ultraviolet (UV) to visible
(VIS) and infrared (IR) region for the Mg-treated samples
(BT-0.5) compared with pristine TiO,. The sharp absorption
peak shifts to 418 nm and also displays an extended slope up to
515 nm in the visible region (see the inset of Fig. 1b). The
absorption of light increases as the amount of Mg increases as
observed for BT-0.75 and BT-1 in Fig. S4 (ESIY), which is also
reflected in the color change trend of the samples from white
to gray and black.

Therefore, magnesiothermic treatment leads to surface
modification, which is reflected in enhanced light absorption
as well as the color change.

The high-resolution XPS spectra of Ti 2p3/2 and Ti 2p1/2
(Fig. 2a) indicate the presence of Ti*' (458.5 and 464.3 eV,
respectively) for the samples CT and BT-05. The similarity of the
obtained spectra indicates a similar bonding environment and
the absence of any impurities like Mg or carbon after the Mg
treatment of the pristine TiO,.>** There is no clear evidence of
the formation of Ti** for BT-0.5. However, the Ti 2p XPS spectrum
of BT-1 shows a well-formed tail towards lower binding energy due
to the formation of Ti*" (Fig. S5, ESIT). This result clearly indicates
the formation of Ti** during the magnesiothermic treatment of
TiO,. Extrapolating this result, it can be considered that Ti** may
be also formed in BT-0.5 in a lower amount. In fact, the
presence of Ti** in BT-0.5 is further confirmed by the observed
hysteresis in the plot of magnetic field dependence of magne-
tization (Fig. S6, ESIf) as the presence of Ti*" introduces
ferromagnetism into TiO,.**

The HR-XPS spectra of O 1s (Fig. 2b) of CT and BT-05
samples show a well-developed peak at 529.8 eV, and a hump
is observed at higher binding energy of ~531 eV. The peak at
529.8 eV is attributed to the lattice oxygen of TiO,. The peak at
higher binding energy indicates the presence of Ti-OH groups
at the surface. The higher binding energy peak can be corre-
lated with the oxygen vacancy or surface defects directly. It
is also observed that the area of the peak at 531 eV is larger for
the black TiO, compared with the pristine TiO,. The peak
intensity also increases with the increase of Mg amount. This
can be interpreted as more oxygen vacancies created during
the magnesiothermic reduction of TiO,. Here, it should be
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Fig. 2 High-resolution XPS for Ti 2p (a) and O 1s (b) of CT and BT-05
samples.
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mentioned that the full XPS survey (Fig. S7a, ESIT) and Mg-scan
(Fig. S7b, ESIT) of sample BT-0.5 do not show any peaks related
to Mg, which further confirms that Mg is fully removed during
acid treatment. However, the full XPS survey of sample BT-1
shows the presence of Mg (Fig. S8, ESIt), indicating Mg>*
doping of the titanium oxide framework of BT-1.

We further calculated the band gap and position of the
pristine nano-TiO, (CT) and BT-0.5 from the Tauc plot (Fig. 3a)
obtained from UV-DRS results (see the ESIf). The obtained
band gap values are 3.14 and 2.92 eV for CT and BT-0.5,
respectively. However, BT-0.5 shows another lower band gap
value of 2.02 eV, which can be correlated to the extra slope in
the absorption spectrum (inset of Fig. 1b) of BT-0.5 in the
wavelength range of 418 to 515 nm. The lower band gap value of
BT-0.5 suggests that a new density of states (DOS) exists as a tail
of the valence band (VB) top.’® The VB position was further
analyzed through VB XPS spectra of the samples (Fig. 3b and c).
The VB XPS of CT shows the position of VB top at 2.04 eV,
whereas for BT-0.5 the VB top is at 1.82 eV and 0.98 eV. The VB
of BT-0.5 shifts 0.22 eV and forms a tail up to 1.06 eV upward.
The maximum band gap difference is 1.12 eV, which indicates
another tail formation of the conduction band (CB) downward
for BT-0.5. Combining the above results, a schematic illustra-
tion of the band position in the potential vs. NHE energy
diagram for CT and BT-0.5 can be portrayed as shown in
Fig. 3c. This upward shift of the VB top and the downward
shift of the CB bottom are due to the presence of surface defects
or oxygen vacancies and the presence of Ti’*, respectively,
leading to enhanced visible light absorption and expected
improved photocatalytic activity.

The photocatalytic hydrogen production in methanol-water
(20%) was investigated for different samples under the full
solar wavelength range of light using Pt nanoparticles as
co-catalysts. ~1% Pt was photo-deposited under UV light for 2 h.
The deposition of Pt was confirmed by XPS (Fig. S9, ESIt) and
HR-TEM (Fig. S10, ESIt) analysis of the Pt deposited BT-0.5 sample.

Energy Environ. Sci., 2015, 8, 3539-3544 | 3541
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Fig. 4 H, generation profile (a), rate (rH,) of hydrogen generation (b) for
different samples, and the stability study of the sample BT-0.5 (c) under the
full solar wavelength range of light. H, generation profile (d) and rate (rH,)
of hydrogen generation (e) for different samples under visible light.

The continuous hydrogen production profile and the rate of H,
production for different samples under the full solar wavelength
range of light are shown in Fig. 4a and b, respectively. The rate of
hydrogen production significantly increases for the Mg-treated
samples, and a maximum 43.2 mmol h™' g™' is observed for
sample BT-0.5. This hydrogen production rate is really remarkable
and is 3 to 20 times higher than the rates of similar black TiO,
samples reported in the literature (see the ESL} Table S1). Interest-
ingly, the rate increases with the amount of Mg up to 0.5, and then it
starts to decrease for 0.75 and 1.0 although it is observed that with
the increase of the Mg amount, the sample turns more black
(the absorption of light also increases) and also shows greater
presence of Ti*" and oxygen vacancies. One of the possible explana-
tions for the odd results can be ascribed to the generation of new
recombination sites due to over-reduction and Mg>* doping in the
presence of a high amount of Mg.*>*” As a result, the hydrogen
production decreases due to more hole-electron recombination
although the absorption of light is high. The photoluminescence
(PL) spectra (see the ESLT Fig. S11) of the samples also indicate
faster charge recombination for sample BT-1 compared with BT-0.5
and CT. Another important reason is the decrease in specific surface
area with increasing Mg (see the ESL} Fig. S12 and S13). The high
surface area material can offer more active sites and improve the
distribution of Pt nanoparticles to increase the overall catalytic
activity. This decrease in surface area can be attributed to the
increased crystallite size of the black titania with increasing Mg
(see the ESIT). In addition, such a surface area decrease also results
in increased Pt particle size, decreasing the efficiency of Pt.*®
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Therefore, it can be concluded that the amount of Mg plays a
great role in preparing the most active photocatalyst.

Due to its outstanding photocatalytic activity, the stability of
the sample BT-0.5 as a photocatalyst was further studied for
hydrogen production under full solar light (Fig. 4c). It exhibits
remarkable stability, as no significant decrease in the photo-
catalytic hydrogen production was observed in up to 10 cycles.
The consistent results were collected from the same solution
for 10 consecutive days. Not only this, it also shows similar
photocatalytic activity even when the solution was stored and
tested after 1 month. Here, it should be also mentioned that no
color change was observed for all the prepared samples even
after three months when stored under normal atmospheric
conditions. Another interesting observation is that the developed
method uses Mg and H, simultaneously, and both H, and Mg
are together playing important roles to eventually generate a very
active and stable reduced black titanium oxide-based photo-
catalyst (see the ESL} Fig. S14).

The visible light-driven photocatalytic hydrogen production
was also studied for the prepared samples (Fig. 4d and e). The
activity was decreased in comparison to the full solar wave-
length range of light driven activity. However, BT-05 still shows
superb activity of 440 pmol h™' ¢! compared with other
Mg-treated samples and the pristine CT with no activity under
visible light. Here, it should be mentioned that the poor activity
of the BT-1 sample, which shows maximum absorbance in
visible light (Fig. S4, ESIt) can be assigned to the low surface
area and the presence of a large number of recombination
centers due to Mg>" doping (vide supra). Furthermore, the
visible light activity of the magnesiothermically reduced TiO,
sample (BT-0.5) is also superior to those of previously reported
black TiO, samples. So far, the best rate of hydrogen produc-
tion of 258 pmol h™' g~' was achieved by Al-reduced black
S-doped rutile TiO, before.*® Table S1 (see the ESIf) sum-
marizes hydrogen generation activities under both full solar
wavelength light and visible light conditions for reduced black
titania samples prepared by different methods in the literature.
This clearly indicates that BT-0.5 outperforms the other related
samples reported earlier, demonstrating incredibly high photo-
catalytic hydrogen production activity under both full solar
wavelength and visible light conditions.

This outstanding activity can be correlated with the extended
absorption in visible light, perfect band position, the presence of
an appropriate amount of Ti’*" and oxygen vacancies, and slower
charge recombination. Here, it should be mentioned that there
is a long debate on the role of Ti*" in the case of reduced black
TiO, for photocatalysis. Interestingly, there is clear evidence of
the presence of Ti*" in our active sample. It can be understood
that the presence of Ti*" in the system can reduce the recombi-
nation of the electron-hole pairs. In fact, the presence of Ti**
is considered to result in the slower charge recombination in
BT-0.5 as observed in the PL measurement (Fig. S11, ESIT),
providing outstanding photocatalytic activity. Another important
factor is the surface oxygen vacancies or disorderedness, which
also seems to play a great role in increasing the absorption at
higher wavelengths and eventually increasing the activity for

This journal is © The Royal Society of Chemistry 2015
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hydrogen production. The exposed {101} facets of BT-0.5 can also
favorably influence the photocatalytic activity. On the basis of all
the results, it can be claimed that the controlled magnesio-
thermic reduction in the presence of hydrogen is one of the best
alternative ways to produce an active and stable TiO,-based
photocatalyst for hydrogen production. In the presence or
absence of methanol, there is no hydrogen production without
Pt as a co-catalyst. This is probably because after the generation
of electrons and holes, they are prone to easily recombine with
each other without Pt. However, in the case of Pt-loaded black
TiO,, in the absence of methanol, only a trace amount of hydro-
gen production is observed. In the absence of the sacrificial
reagent, a significant amount of holes remain on the surface,
which eventually recombine easily with electrons. The sacrificial
reagent is used to capture the holes, which restricts the recombi-
nation of holes and electrons. More attention to optimize the
system for the best photocatalytic activity and understand the
origin of the improved photocatalytic activity is highly demanded.
Further detailed investigation is going on in our laboratory.

In conclusion, the present work deals with the development
of a novel method for the preparation of a highly active black
TiO, photocatalyst with a low band gap, perfect band position,
and slower charge recombination for visible light hydrogen
production. A novel two-step process of magnesiothermic reduction
in the presence of hydrogen followed by acid treatment was used
for the first time to produce reduced black TiO,. The prepared
catalyst shows remarkable photocatalytic hydrogen production
ability from methanol-water in the presence of ~1% Pt as a
co-catalyst. The maximum hydrogen production rates are
43 mmol h™" ¢! and 440 umol h™' g under the full solar
wavelength range of light and visible light, respectively, and
these values are superior to those of previously reported black
TiO, materials. The catalyst also shows excellent stability for up
to 30 days without any significant decrement in the activity.
This outstanding activity and stability of our black TiO, suggest
that a balanced combination of different factors like Ti’",
surface defects, oxygen vacancies, and recombination centers
is achieved along with an optimized band gap and band
position during the preparation employing magnesiothermic
reduction in the presence of hydrogen.
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