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energy into useful energy forms has

the potential for achieving an environ-
mental friendly society, it is not surprising
that numerous attempts have been made
to directly utilize solar energy in the form
of solar cells.”™* Such attempts involved
the photocatalytic production of hydrogen,
for use as a fuel, via water-splitting,” '8
and related techniques.'”~% In particular,
photocatalytic water-splitting has attracted
considerable interest as a green energy
resource, due to the environmental and
economic superiority of solar and hydrogen
energy. Among the reported techniques,® '8
biomimetic artificial photosynthesis repre-
sents an appealing strategy for generating
large amounts of hydrogen fuel via water-
splitting because it permits photogenerated
electrons to be transferred to a higher en-
ergy level under irradiation by solar light
with a low photon energy.””'® In green
plants, the reduction of protons is accom-
plished by transferring photoinduced elec-
trons to reactants in a manner analogous to
the so-called Z-scheme mechanism of the
light reaction in the natural photosynthesis
system26'27 (Scheme 1a). PS Il initially oxi-
dizes water with electrons and subse-
quently activates them to achieve a higher
potential. Then, they move to PS | through a
complex charge-transfer chain. Transferred
electrons are activated again at PS | with a
sufficiently high potential to produce ATP
and NADPH. When passing through other
complex charge-transfer chains, they are
used to synthesize ATP and NADPH with
the reduction of protons. In biomimetic
water-splitting, two types of photocatalysts
with different band structures could be

Since the effective conversion of solar
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ABSTRACT The light reaction in natural photosynthesis is generally recognized as one of the

most efficient mechanisms for converting solar energy into other energy sources. We report herein

on a novel strategy for generating H, fuel via an artificial Z-scheme mechanism by mimicking the

natural photosynthesis that occurs in green plants. Designing a desirable photocatalyst by mimicking

the Z-scheme mechanism leads to a conduction band that is sufficiently high to reduce protons, thus

decreasing the probability of charge recombination. We combined two visible light sensitive

photocatalysts, (dS and carbon-doped Ti0,, with different band structures. The used of this

combination, that is, CdS/Au/Ti0;94Co 4, resulted in the successful transfer of photogenerated

electrons to a higher energy level in the form of the letter "Z'. The system produced about a 4 times

higher amount of H, under irradiation by visible light than CdS/Au/Ti0,. The findings reported herein

describe an innovative route to harvesting energy by mimicking natural photosynthesis, and is

independent of fossil fuels.

KEYWORDS: photocatalysis - artificial photosynthesis - hydrogen - solid-state -

z-scheme - water-splitting

used as substitutes for PS | and Il, respec-
tively. The electrons that are photogener-
ated by PS Il are transferred to the valence
band of PS I. These electrons then recom-
bine with holes photogenerated at PS I. The
electrons that are excited at PS | then have a
sufficiently high potential for proton reduc-
tion. By taking advantage of a combination
of PS | and PS I, the probabilities of charge
recombination would be decreased signifi-
cantly, thus resulting in more electrons
available to participate in the reduction step
of the reaction.

It is usually difficult to generate high
levels of H, in biomimetic photocatalytic
water-splitting techniques consisting of iso-
lated photosystems and redox mediators
(Ox/Red)'”'® because the Ox and Red mo-
bile components in solution compete with
the redox reactions of PS | and PS I,
respectively.?® The solid state Z-scheme, in
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Scheme 1. Z-scheme mechanisms in the natural and artificial photosynthesis system: (a) light reaction in natural photo-
synthesis system; (b) CdS/Au/TiO; 96Co.04 designed to mimic the natural photosynthesis system.

which semiconductors with different levels of band
gap energy E, for example, CdS and TiO, are utilized
without any intermediates, has been proposed.®® This
system, however, cannot be considered to be a bona
fide Z-scheme under irradiation by visible light be-
cause bare TiO, can only generate electrons when
irradiated with UV light.%® Thus, an actual biomimetic
Z-scheme should consist of materials that produce the
desired products when irradiated with visible light.

In the present study, we first combined visible
light-responsive photocatalysts, carbon-doped titania
(TiO,_,C,, where x denotes the molar ratio of carbon
dopant) and CdS, in a nanoparticulate system to
achieve a Z-scheme mechanism in the solid state. We
previously developed a facile route for the synthesis of
large amounts of TiO,_,C, nanoparticles with a uni-
form size and shape by wet chemistry. The synthesized
TiO,_,C, nanoparticles were found to effectively func-
tion as a visible light sensitive photocatalyst.?>*° The
optimal oxidative photocatalytic performance was ob-
served when 4 atomic % carbon was incorporated into
the anatase framework of TiO, (TiO; 95Co 04)->° Because
the photocatalyst used in PS Il in biomimetic water-
splitting should function as a strong oxidant when
irradiated with visible light, TiO; 96Co04 With a Eg of
2.6 eV has the characteristics for serving as an appro-
priate material for PS Il. To determine whether
TiO1.06Co04 is a appropriate material for use as a
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substitute for PS Il, the photocatalytic oxidation of
the $* anion was performed under irradiation by
visible light (see Supporting Information, Figure S1).
The photocatalytic oxidative performance of TiO; 9¢Co 04
was superior to that for TiO, (commercially available
P25 and anatase). In addition, it is well-known that
the conduction band of CdS has a sufficiently high
energy level to reduce protons to H, under irradiation
by visible light. Thus, an artificial photosynthesis
system, in a nanoparticulate form, should be feasible
using a combination of TiO; g6Cp 04 and CdS as shown
in Scheme 1b. Irradiation by visible light can induce
the delocalization of charges at TiO; 95Co 04 as well as
CdS. The photogenerated electrons at PS Il move to
the valence band of CdS through a Au core, and then
recombine with photogenerated holes at the CdS.
As a result, the lifetime of photogenerated electrons
at PS |, which have a sufficiently high reducing power
to generate hydrogen molecules, becomes longer
due to the lower probability of their recombination.
This realization of a biomimetic Z-scheme charge
transfer mechanism permits higher amounts of hy-
drogen fuel to be generated than can be achieved by
a typical sensitizing technique under irradiation by
visible light. In addition, the presence of a Au core
with a large work function leads to an increase in
charge separation efficiency.?® Thus, it would be
expected that a CdS/Au/TiO; g6Coos heterojunction
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Figure 1. Morphological structure of CdS/Au/TiO, 96Co.04 Nanoparticle. (a) TEM image of the synthesized CdS/Au/TiO, 96Co.04
nanoparticle. (b) HAADF-STEM image of synthesized CdS/Au/TiO; 96Co 04 Nanoparticles. It can be seen that a hemispherical
Au@CdS core—shell structure was formed on the TiO; 96Co 04. Interplanar distances shell (3.16 A) indicates the successful

production of wurtzite-structured CdS.

photocatalyst would have the potential to produce
large amounts of H, fuel via the conversion of solar
light energy.

RESULTS AND DISCUSSION

TiO1.06Co.04 Nanoparticles were prepared via a dis-
solution-recrystallization process from a highly viscous
Ti(OH), gel in the presence of oleic acid. Carbon-
doping was accomplished via the adsorption of car-
boxylic groups from oleic acid to the TiO, seed materi-
als. Au nanoparticles were deposited on the surface of
TiO1.06Co04 by the direct reduction of AuCl* using
NaBH,;, a strong reducing agent. As previously
reported,”® a hemispherical Au@CdS core—shell struc-
ture can be formed on TiO; 6Co 04 @ photodeposition
process, after rigorously stirring an ethanol suspension
containing Au/TiO; 66Coos sulfur, and Cd*". Large
amounts of sulfur molecules are adsorbed on the
surface of a Au nanoparticle deposited on TiO; 9¢Co 04
due to their great affinity for Au. When UV light is used
to irradiate the prepared suspension, the sulfur is
reduced to S*~ which instantly reacts with Cd*" to
form a CdS shell. Using this procedure, it is possible to
selectively deposit CdS on the surface of Au, with the
resulting formation of a hemispherical Au@CdS core—
shell structure on TiO;.96Co.04 (Figure 1). The diameter
of the deposited Au core is between 4 and 6 nm, and
the thickness of the CdS shell is in the range of 5 to
10 nm. The lattice arrays of the shell show interplanar
distances corresponding to [101] of CdS, indicating the
successful development of a wurtzite-structured CdS.

The formation of CdS was also verified in X-ray
diffraction (Figure 2) and ultraviolet—visible light
diffused reflectance spectroscopy (UV—vis—DRS)
experiments (Figure 5). The prepared TiO;96Co 04
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Figure 2. Crystalline structure of TiO 96Co.04 and CdS/Au/
TiO;.06Co.04 Nanoparticles. TiO; 96Co 04 cOnsists of only an
anatase framework without any other crystalline phase,
such as rutile or brookite, present. A typical XRD pattern for
wurtzite-structured CdS was observed for the prepared
photocatalysts, indicating the presence of CdS.

nanoparticles have only an anatase framework without
any other crystalline phase, such as rutile or brookite.
Peaks corresponding to Au were not observed in XRD
patterns for CdS/Au/TiO;96Co0s due to the small
amounts present and the size of the particles. In
addition, a typical XRD pattern for wurtzite structured
CdS (v marked) was found on the prepared photo-
catalysts with crystallographically preferred orienta-
tions, indicating the presence of CdS. UV—vis—DRS
results permitted the band gap energy of the prepared
semiconducting material to be estimated. The dark
green powder absorbed large amounts of photons
(Figure 5). Two shoulders (corresponding to regions |
and Il) were observed in the UV—vis—DRS of the CdS/
Au/TiO; 96Co 04 Ssample. The drastic increase in its
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Figure 3. HAADF-STEM image of Pt/CdS/Au/TiO; 9¢Co 04 Nanoparticles. Small Pt nanoparticles were observed on the CdS shell

as bright spots.

-S= Pt/CdS/AU/TIO, 46Co.0s
-~ Pt/CdS/Au/TiO, (P25)
-&= Pt/CdS/Au/TiO, (Anatase)

N
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Figure 4. H, production via photocatalytic water-splitting. H, production of Pt/CdS/Au/TiO 96Co 04, Pt/CdS/Au/TiO, (P25), Pt/
CdS/Au/TiO; (anatase), and Pt/CdS under irradiation by visible light (using a wavelength longer than 420 nm).

absorbance at region | is caused by the presence of the
CdS shell on the Au core. The value of £ was estimated
to be 2.3 eV, corresponding to CdS, by performing
linear extrapolation from this shoulder. In addition,
another shoulder (region Il) was observed, which is
related to TiO; 96Co04. However determining the value
of E, from the presented UV—vis—DRS was not an easy
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task, because they are completely convoluted. Our
previous research, however, indicated that TiO; 9Co .04
has an E4 of 2.6 eV3° The above findings show that
wurtzite-structured CdS having an E; of 23 eV
was successfully constructed on the Au nanoparticles
to form PS |, as evidenced by TEM, XRD, and
UV—vis—DRS data.
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Figure 5. UV—vis absorbance of green CdS/Au/TiO, 96Co 04 powder and influence of light wavelength on H, evolution via

water-splitting on Pt/CdS/Au/TiO; 96Co.04. One peak and two shoulders (region | and Il) were observed in the UV—vis—DRS of
the CdS/Au/TiO; 96Co .04 Sample. The appearance of the peak is caused by surface plasmon of Au nanoparticles, consistent with
the presence of deposited Au. The shoulder at region | is due to the presence of the CdS shell on the Au core. The value of E5 was
estimated to be 2.3 eV, corresponding to CdS. The other shoulder was observed at region Il, and is assigned to TiO; 96Co.04. Green
open circles indicate the H, evolution rate for Pt/CdS/Au/TiO, 9Co .04 Under the irradiation of visible light cut off each wavelength.

To investigate the performance of prepared cata-
lysts, we carried out hydrogen evolution experiments
via photocatalytic water-splitting. A small amount of Pt
was deposited on the prepared samples as a cocatalyst
for the reduction of protons, as described in previous
reports.®® The photodeposition method used UV light
irradiated from 300 W Xe lamp to load the Pt cocatalyst.
Inductively coupled plasma—atomic emission spec-
troscopy (ICP—AES) analyses indicated that 1T wt % Pt
was deposited on each photocatalyst. HAADF-STEM
analysis, which easily distinguishes between different
materials in a very small dimension, was carried out to
verify the presence of Pt nanoparticles on the CdS shell
as cocatalyst for water-splitting (Figure 3). The images
clearly show that they are relatively evenly deposited
on the CdS shell with a uniform size and shape.

The time courses for H, production are presented in
Figure 4. We prepared the following seven photocata-
lysts: Pt/CdS/Au/TiO 96Co 04, Pt/CdS/Au/TiO, (P25), Pt/
CdS/AuU/TiO, (anatase), Pt/CdS, Pt/TiO; 96Cp 04, Pt/TiO,
(P25), and Pt/TiO, (anatase) to clarify the superiority of
the Z-scheme mechanism under irradiation by visible
light (of wavelength longer than 420 nm). Pt/TiO, (both
P25 and anatase) and Pt/TiO; 5Co 04 did not produce
any detectable amounts of H, fuel due to the low
energy level of their conduction bands, which are close
to the standard potential of H*/H,. This inhibits the
transfer of photogenerated electrons at TiO, to H"
ions. About 91.9 and 76.2 umol h™' of H, molecules
(quantum efficiency, QE = 5.0 and 4.1) were generated
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by the Pt/CdS/Au/TiO, (P25) and Pt/CdS/Au/TiO,
(anatase) catalysts under irradiation by visible light,
respectively, despite the poor sensitivity of TiO, to
visible light. This reductive performance can be attrib-
uted to the operation of only the CdS shell or CdS
sensitized electrons. It can produce a larger amount of
H, molecules than bulk Pt/CdS catalyst (34.6 umol h™',
QE = 1.9). On the other hand, Pt/CdS/Au/TiO; 9¢Co.04
generated 433.2 umol h™' of H, molecules (QE = 23.6),
a much larger amount than Pt/CdS/Au/TiO,. In this
artificial Z scheme that mimics the natural photosynth-
esis system, electrons that are photogenerated at PS Il
under the irradiation of visible light were transferred to
PS | through the Au core. These electrons then played
an important role in reducing photogenerated holes at
CdS, causing a decrease in the probability of charge
recombination at PS I. Thus a higher amount of photo-
generated electrons at PS | are available to participate in
the reduction of protons. The successful realization of an
all-solid-state Z-scheme mechanism under the irradiation
of visible light led to an exceptional performance in the
photocatalytic evolution of H, via water-splitting.

To verify how reaction progresses under the visible
light with various wavelengths, we examined the effect
of the wavelength of the visible light used on the rate
of production of H,. The rate of production of H, on Pt/
CdS/Au/TiO; 96Co 04 tended to decrease drastically with
an increase in wavelength cutoff, consistent with the
extrapolation fitting line from the absorbance spec-
trum of TiO; 96Co04 (Figure 5). These phenomena are
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obviously caused by a decrease in the photocataly-
tic activities of PS Il under the irradiation of visible
light with a long wavelength. Moreover, Pt/CdS/Au/
TiO1.06Co04 generated 604 umol h™' of H, under the
irradiation of pale green light with a longer wavelength
than 455 nm, which roughly corresponds to the band
edge of TiO;96Co0s. This amount is similar to the 91.9
umol h™" of H, generated using light with a longer
wavelength than 420 nm for Pt/CdS/Au/TiO,. Visible light
with a longer wavelength than 455 nm cannot activate PS
Il'in the Pt/CdS/Au/TiO4 96Co 04 System, but only CdS (PS 1)
can produce exitons capable of reducing protons.

CONCLUSIONS

An artificial photosynthesis system mimicking the
Z-scheme operation under visible light was successfully

EXPERIMENTAL SECTION

Sample Preparation. TiO;9¢Co04 Nanoparticles were synthe-
sized by a gel—sol method. The procedure for preparing
TiO1.96Co.04 NANoparticles was as follows. Titanium tetraisoprop-
oxide (60 mL, Advanced Materials Institute Co. Ltd., 98%) was
added to triethanolamine (54 mL, Sigma, 98%). Deionized water
(DI water) was then added to give 400 mL of an aqueous
solution. This solution (30 mL) was mixed with an aqueous
solution of oleic acid (30 mL, 0.02 M). The pH of medium solution
was controlled at pH 8 by adding nitric acid. This mixture was
placed in a Teflon-lined autoclave and heated at 100 °C for 12 h
to form a Ti(OH), gel, which was then heated at 250 °C for 48 h,
to give a brown-colored TiO; 96Co 04 precipitate. Organic residue
and elemental carbon located on the surface of the TiO; 96Co.04
nanoparticles was completely removed by heating at 320 °C for
8 h under an atmosphere of air. Anatase-structured TiO,
nanoparticles were synthesized following a procedure similar
to that described above, except for the final heat treatment,
which was performed at 450 °C for 8 h.

Au nanoparticles were deposited on the surface of
TiO1.06Co0s by the direct reduction of AuCI* with NaBH,.
Brown-colored TiO; 96Co04 powder (0.5 g) was well-dispersed
in DI water (200 mL) through consecutive processes of ultra-
sonication for 1 h and rigorous stirring for 1 h. Chloroauric acid
(HAuCl,, 60 mmol) was introduced into this dispersion resulting
in the deposition of 2 wt % of Au nanoparticles on the
TiO4 96Co.04- After stirring for 30 min, 7.9 mL of a NaBH, aqueous
solution (0.2 M) was added dropwise into the aqueous disper-
sion to reduce the Au** ions. Au/TiO 06Co 04 Was obtained after
stirring for 3 h followed by centrifugation.

A hemispherical Au@CdS core—shell structure on TiO; 96Co .04
was produced by photodeposition. Sulfur (2 mmol) and
Cd(ClO,)-6H,0 (8 mmol) was added to a ethanol suspension
(200 mL) containing Au/TiO 9¢Co04. The suspension was irra-
diated with UV light for 12 h, giving a suspension changed from
purple to dark green, indicating the formation of a CdS shell on
the Au core. A Xe arc lamp (300 W, Oriel) was used as the light
source for the UV light irradiation. After centrifuging and
cleaning with ethanol several times, we prepared a suspension
in methanol (100 mL) for the next procedure. For comparison,
we synthesized CdS/Au/TiO, following the same procedure
described above using commecial (P25, Degussa) and anatase
TiO, instead of TiO; 96Co.04-

Pt nanoparticles were also loaded on the prepared samples
by a photodeposition method as cocatalyst for water-splitting.
We added H,PtClg- 6H,0 (0.02 g) and triethylamine (4 mL) to the
methanol suspension containing the photocatalyst. The result-
ing suspension was then irradiated with UV light for 14 h.

YUN ET AL.

realized by combining two visible light sensitive
photocatalysts, TiO; 9Co.04 and CdS. This combina-
tion enables the Z-scheme mechanism to be accom-
plished in one nanoparticle, and the production
of photogenerated electrons having a sufficiently
high potential to reduce protons with a much lower
probability of charge recombination. Consequently,
the system shows a highly efficient performance
in H, generation via photocatalytic water-splitting
under the irradiation of visible light. The findings
reported herein indicate the potential for achieving
photocatalytic hydrogen evolution via water-
splitting. Further investigations to improve photo-
catalytic performance and explorations directed
toward potential applications are currently in
progress.

Finally, the Pt-deposited photocatalyst was obtained after
centrifugation.

Characterization of CdS/Au/Ti0; 9¢C5.04. The shapes of the synthe-
sized CdS/Au/TiOq96Co04 Nanoparticles were examined by
high-resolution transmission electron microscopy (HR-TEM,
JEM 3010-JEOL, 300 kV) and high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM,
JEM 2100F-JEOL, 200 kV). The microstructure was examined
by X-ray diffracton (XRD, D/max-2500/PC-Rigaku) with Cu Ko
radiation (wavelength = 0.154 nm) as the incident beam at 50 kV
and 100 mA. Optical absorbance spectra were obtained by ultra-
violet diffuse reflectance spectroscopy (UV-DRS, V670-Jasco).
The atomic ratio of each component in CdS/Au/TiO4 96Co .04 Was
determined by inductively coupled plasma—atomic emission
spectroscopy (ICP—AES, Optima-4300 DV-PerkinElmer).

Characterization of Photocatalytic Activities. Prior to photocataly-
tic hydrogen production, we examined the photocatalytic
oxidation of the 5%~ anion over TiO; 6¢Co 4, and TiO, (P25 and
anatase). A total of 0.1 g of each powdered catalyst was
suspended in 100 mL of an aqueous Na,S solution (0.001 M)
with vigorous stirring. A Xe arc lamp (300 W, Oriel) was used as
the light source for irradiation with visible light. An optical filter
(cutoff <420 nm, Edmund Optics) was used to eliminate UV
radiation during the visible light experiments. The concentra-
tion of S*~ anions was measured using an ion selective elec-
trode (ISE) meter (model 920, ThermoOrion) equipped with a
sufide ion selective electrode (9616BNWP ionplus Sure-Flow
Silver/Sulfide, Orion).

Photocatalytic hydrogen production via water-splitting was
performed in a closed Pyrex glass reactor. For investigations of
photocatalytic performance, each photocatalyst (0.15 g) was
suspended in Na,S (0.05 M) and Na,SOs; (0.1 M) aqueous
solution (150 mL) under vigorous stirring. A Xe arc lamp was
also used as the light source for irradiation with visible light for
the photocatalytic reactions. All optical filters were supplied by
Edmund Optics. A colored glass filter (cutoff <420, 435, 455, 495,
and 550 nm) was used in the irradiation with various wave-
lengths of visible light during the water-splitting experiments.
The amount of hydrogen produced was determined by gas
chromatography (Acme6100-Young Lin), using a thermal con-
ductivity detector (TCD). The quantum efficiency (QE) was
estimated using the following equation,

2 x number of evolved H, molecules

E = 100
Q number of incident photons *

The number of incident photons was measured by a light power
meter (Nova Il, Ophir) equipped with a high power fan cooled
thermal sensor (FL500A, Ophir). We assumed that all incident
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photons are absorbed by the photocatalyst. Details of the
method for calculating the number of incident photons is
presented in the Supporting Information.
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