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Preface

The studies presented in this thesis were carried out under the direction of Professor
Tetsuro Majima, the Institute of Scientific and Industrial Research (SANKEN), Osaka
University during October 2015 to September 2018.

The subject of this thesis is the photocatalytic activity of semiconductor composites
for hydrogen generation under light irradiation. The aim of this research is to resolve
the problems due to intrinsic wide band gap of TiO; by incorporating with noble metal
nanoparticle and forming unique structure, and low photocatalytic efficiency of pure
semiconductor via facilely fabricating heterostructure and utilizing co-catalyst. In
addition, the detailed charge transfer kinetics are investigated. The author hopes that
the results and conclusions presented in this thesis could contribute to the further
improvement of quantum efficiency for practical application, which will deepen our
understanding of influence factors on photocatalytic reactions and help us to resolve

the energy shortage and environment crisis.
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General Introduction

Increased environmental crisis and energy drought have promoted the development
of new technologies to harvest energy from solar light. Significant efforts have been
devoted to nanostructured semiconductors as building blocks for conversion of solar
energy to a viable form. Among the wide variety of green earth and renewable energy
projects underway, semiconductor photocatalysis has emerged as one of the most
promising technologies because it represents an easy way to utilize the energy of either
natural sunlight or artificial indoor illumination, and is thus abundantly available
everywhere in the world. Therefore, the photocatalytic reactions are widely employed
in many application fields such as (I) photolytic reduction/oxidization of water to
generate hydrogen and/or oxygen; (II) photodecomposition or photooxidization of
harmful substances; (III) artificial photosynthesis; (IV) photo(electro)-chemical
conversion (CO, reduction and N, fixation), etc.™ Usually in semiconductors, the
conduction band electrons have a chemical potential of +0.5 to -1.5V versus the normal
hydrogen electrode (NHE), which can act as reductants. While the valence band holes
possess a strong oxidative potential of +1.0 to +3.5 V versus NHE.” At beginning, the
energy of incident photons is stored in semiconductor as electron-hole pairs during the
irradiation process and then converted to chemical forms by a series of chemical
processes and surface/interface reactions. Contrary to the thermodynamics of
traditional catalysis, not only spontaneous reactions (AG < 0) but also non-spontaneous
reactions (AG > 0) could also be promoted by photocatalyst.*

Due to the highest specific energy of combustion in all chemical fuels and production
of water as a combustion product, hydrogen is therefore regarded as one possible
contender for resolving future fuel crisis. The evolution of hydrogen using sunlight is
an attractive and sustainable solution to global energy and environmental problems.®’
Since the discovery of photo-assisted water splitting by Fujishima and Honda, splitting
water using solar energy has attracted a significant attention and extensively studies

have been performed.*'® Hundreds of novel semiconductor materials are now available



for diversified and multifunctional applications, including oxides of the metallic

B304 metal-free

elements with d’ and d' conﬁgurations,” sulfides," (oxy)nitrides,
semiconductors,'’ plasmonic metals'® and elemental photocatalysts.'’

(i) Light absorption

(iff) H; production H Light —) Generation of e- and h*
2 with sufficient potentials for
water splitting
H,0 ® (band engineering)
e + h*
(ii) Charge separation H.O
. . 2
and migration to o
surface active sites ( (iii) O, production
(suppression of 0,

recombination)
Figure 1 Schematic illustration of basic processes of a semiconductor photocatalytic
processes for hydrogen/oxygen generation.

In general, a typical photocatalytic reduction/oxidization to generate
hydrogen/oxygen mainly contains three steps, as shown in Figure 1. Firstly, under the
light irradiation, electrons will transit from the valence band to conduction band,
leaving an equal number of vacant sites (holes) in semiconductors. Then the excited
electrons and holes would migrate from the inner part to active sites on the surface of
semiconductors. Finally, these electrons and holes could react with H;O molecules to
form hydrogen and/or oxygen at the active sites on the semiconductors. The process of
water splitting is well known as a typical “uphill reaction”, involving a large positive
change in the Gibbs energy (AG® =237.13 kJ mol™), corresponding to a photon energy
of 1.23 eV. However, in fact, due to an activation barrier in the charge transfer process
between the photocatalyst and H,O molecules, it is usually necessary for the photon
energy to be greater than the bandgap of the semiconductor to drive the water splitting
reaction.'® Due to the booming of nanotechnology, nanomaterials have emerged as
pioneering photocatalysts and accounted for most of the current research.
Nanomaterials can provide large surface areas with abundant active sites for
photocatalytic reactions, diverse morphologies, and easy device modeling, all of which

19-29

are properties beneficial to photocatalysis. The efficiency of photon utilization and



the limitation of selection of oxidation-reduction reaction, however, still restrict the
improvement of water splitting activity of nanomaterial semiconductor photocatalysts.
Therefore, improving their photocatalytic activity in order to meet engineering
requirements is strongly urgent. In addition, the stability and the cost of these materials
should also be considered carefully.

The first key point relevant to the photocatalytic activity of a semiconductor is its
energy band configuration, which determines whether it could absorb incident light to
generate electron-hole pairs and the redox capabilities of excited state electrons and
holes.* Therefore, band engineering or band tuning is a quite commonly used method
and fundamental aspect of designing and fabricating semiconductor photocatalysts. In
order to modulate the bandgap and band-edge positions precisely, both introducing a
new kind of elements and solid solution strategies have been extensively explored and

d.*'> However, the recombination probability for photo-induced electron-hole

applie
pairs would increase if the amount of newly introduced elements is high. Except from
doping, noble metal nanoparticles such as Au and Ag have also been frequently used to
expand the absorption range of wide bandgap semiconductors and improve charge

3038 What is more,

separation by taking advantage of their unique plasmonic properties.
fabricating so-called “hierarchical photocatalysts”, referring to the nanostructured
semiconductors with various dimensional domains or multimodal pores, could also
enhance the efficiency of light harvesting even for the same semiconductor with other
shapes.

Another key issue influencing the photocatalytic activity of a semiconductor is that
a large proportion of electron-hole pairs would recombine in the second step during
their migration from inner part to surface, which dissipates the input energy in the form
of heat or light emission. In order to inhibit this recombination of electron-hole pairs,
heterostructures or heterojunctions are designed between the host semiconductor and
another semiconductor (or co-catalyst). This kind of structure could provide an internal
electric field which promotes the separation of electron-hole pairs and induces faster

carrier migration. In addition, the nature of surface/interface chemistry of

photocatalysts is also an important issue which influences their activity. The surface
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active sites and chemisorption properties play crucial roles in the transfer of electrons
and in governing the selectivity, rate and overpotential of redox reactions on the

photocatalyst surface.***

For example, the hydrogen reduction photocatalyst cannot
only reduce H' ions to form H, but also can reduce the shuttle redox mediator. More
importantly, most semiconductor photocatalysts cannot offer active sites for catalytic
reactions on the surface, which exhibit a relative low hydrogen evolution reaction even
in the presence of sacrificial electron donor. To overcome these disadvantages, co-
catalysts are commonly used because of better conductivity, lower overpotential and
higher catalytic activity than host semiconductor, which could act as ideal active sites
for photocatalytic reactions to take place.

Apart from the important insight being gained, detailed mechanisms involved in
photocatalysis are still not fully understood. In order to fulfill this goal, single-particle
photoluminescence spectroscopy (SPS) and femtosecond time-resolved transient
absorption (fs-TAS) are used as valuable tools in photocatalysis field in recent years
because they play significant roles in understanding fundamental photophysical
processes and how charge transfer dictates photoactivities. By employing SPS,
fluorescence lifetime experiments using pulsed lasers and a time-correlated single-

photon counting system are possible.*"**

By measuring the delay between the arrival
time of the excitation pulse and the detection of the emitted photon, it is also to
reconstruct a fluorescence decay curve for a semiconductor particle in the excited state.
These techniques for SPS detection possess superior advantages compared with
conventional ones that rely on the bulk sample, offering us with opportunities, such as
the ultimate high sensitivity, the possible observations of the properties hidden in the
ensemble measurements. In fs-TAS, a pump pulse is employed to excite the sample,
followed by a probe pulse to measure the absorption differences with the ground state
sample as a function of time. The accessible range of delay between pump and probe
sets the time scales that can be studied.

In this dissertation, a series of methods to enhance the photocatalytic activities for

H, evolution of semiconductor-based composites under solar light irradiation were

investigated. Charge-separation, trapping and recombination processes which were
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essential to explain the photocatalytic activity were carefully investigated.

Content of each chapter is shown as below.

In Chapter 1, Au-TiO; and 3D-array were fabricated to carefully explore the multi-
scattering effect on photocatalytic activity of H, generation. 3D-array exhibited a much
higher photocatalytic activity of H, generation (3.5 folds under visible light irradiation,
1.4 folds under solar light irradiation) than Au-TiO,. According to the single-particle
plasmonic photoluminescence measurement, it was suggested that the hot electrons
generated by AuNS under visible light irradiation was responsible for the photocatalytic
H, evolution process. The enhanced activity of 3D-array is due to the elongation of
light path length because of multi-scattering in-between Au-TiOs.

In Chapter 2, a facile impregnated method was employed to synthesize products
gradually varying from N-TiO, to N-TCN-x by mixing and calcining TiO, hollow
nanospheres with cyanamide. Due to the mesoporous structure of TiO,, g-C3N4 was
formed both inside and outside of nanospheres. In addition, formation of g-C3N, outside
of TiO; small grains (3 nm) restrained their recrystallization to large particles (20 nm).
Among series of N-TCN-x, N-TCN-700 exhibited the best photocatalytic activity with
H, evolution of 296.4 pmol g h™ under visible light irradiation (A > 420 nm) without
any co-catalyst. Charge carrier lifetimes of N-TCN-x were measured by femtosecond
time-resolved diffused reflectance spectroscopy and indicated that photogenerated
electrons in CB of g-C;N4 transferred to that of N-TiO, within several to tens
picoseconds, leading to an efficient charge separation and enhanced photocatalytic
activity.

In Chapter 3 part 1, facile processes were developed to synthesize g-C;Ny-based
hybrid photocatalysts containing different MoS, structures as co-catalyst, nanodot and
monolayer. Photocatalytic H, evolution activity of g-C3;Ny4 with 3.2 wt% MoS, (MC-
3.2%) is 660 pmol g h™' under visible light irradiation, which is 7.9 times higher than
that of Mix-6.4% (83.8 pmol g h™"). Single-particle photoluminescence measurement
demonstrated that MoS, had a much higher quenching efficiency compared with
monolayer MoS,. Detailed charge carrier dynamics of g-C3N4, MC-3.2%, and Mix-6.4%
measured by femtosecond time-resolved diffused reflectance spectroscopy indicated
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that the electron injection took place within 1.7 ps in MC-3.2% compared to 4.0 ps in
Mix-6.4% and the injection efficiencies were 73.3% and 36.1% in MC-3.2% and Mix-
6.4%, respectively. In addition, MoS, nanodots with small particle size contained more
unsaturated active S atoms than MoS, monolayer, which could adsorb more H" ions.

In Chapter 3 part 2, quaternary sulfur semiconductor ZngsCagsln.Ss (ZCIS)
microspheres composed of cross-linked nanosheets and ZCIS microspheres modified
with MoS, were designed and prepared via hydrothermal methods. Detailed
characterizations indicated that the layer structured MoS, nanosheets were mainly
deposited on the surface of ZCIS nanosheet to form a 2D-2D structure which greatly
increased the contact surface area beneficial to charge transfer. It is demonstrated that
ZM-3.0 (ZCIS with 3 wt% MoS; loading amount) exhibited the fastest electron
injection within only 1.1 ps and the highest efficient injection efficiency of 70%. As a
result, ZM-3.0 exhibited the H, evolution rate of 3.5 umol h” under visible light
irradiation (A > 420 nm), which is 27 times higher than that of pure ZCIS (0.13 umol
h™).
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Chapter 1. 3D-array of Au-TiO, Yolk-shell as Plasmonic
Photocatalyst Boosting Multi-Scattering with Enhanced

Hydrogen Evolution

1. Introduction

From the environmental points of view, solar energy becomes a promising alternative
energy to resolve the energy shortages.'* Hence, various strategies have been
developed for utilizing solar light, and among them, photocatalysis is the most attractive
one.” However, the conversion efficiency is not high enough and how to enhance the
photocatalytic activity is still a significant issue. In order to overcome this problem,
many approaches have been proposed and examined. Among them, fabricating unique
structures with efficient light absorption to generate more electron-hole pairs is quite
important, because the first step of photocatalysis is the formation of electron-hole pairs
under light irradiation.®” It has been proved that Mie’s scattering could increase the
light path length, which leads to higher efficient utilization of incident light.”

Light can be scattered and redirected to almost all directions. Particularly, when the
scattering centers are grouped together, light can be scattered many times (multi-
scattering). Multi-scattering in-between nanoparticles is greatly dependent on the shape
of nanoparticles and the distance between nanoparticles.® When we introduce the multi-
scattering phenomenon into three dimensional (3D) nanostructure, light could collide
with these particles having comparable structure and scatter inside of the particles.
Therefore, the path length of incident light would increase in these particles, enhancing
the light absorption efficiency. In this case, fabricating proper structures with suitable
shape and inter nanoparticle spacing is a great challenge to clear the multi-scattering
effect on photocatalytic activity. The multi-scattering phenomenon has been applied in
the dye-sensitized solar cells (DSSC) before,”'? however, to the best of our knowledge,
there are few studies available on the multi-scattering effect in the application of H,
evolution.

In the present study, monodispersed gold nanosphere (AuNS) TiO, yolk-shell
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nanosphere (Au-TiO;) was synthesized by multi-step SiO, protection method. Then this
nanosphere were acted as building blocks for fabricating unique 3D assembled array of
Au-TiO, (3D-array), which was applied for the plasmonic photocatalyst of H,
generation. After encapsulating AuNS with strong SPR, the absorption of TiO; is
extended to visible region. Multi-scattering effect on the photocatalytic activity was
investigated by comparing H, generation under different-wavelength light irradiation.
The results showed that 3D-array exhibited much higher activity than Au-TiO, under
both visible and simulated solar light irradiation. Single-particle plasmonic
fluorescence measurement and computational calculation using FDTD method were
performed to elucidate the detailed mechanisms. Our result is the first report to clearly

show the multi-scattering effect on the photocatalytic activity.
2. Experimental Section

Materials. Chloroauric acid (HAuCly*4H,0, 99.99%), sodium citrate tribasic dehydrate
(98%), 4-mercaptobenzoic acid (4-MBA 90%), ammonium hydroxide (28-30%),
tetracthylortosilicate  (TEOS, 98%), hydrogen hexachloroplatinate hydrate

(H2PtCls*nH,0, 99.9%), tetrabutyl titanate (TBOT 99%), polyvinylpyrrolidone (PVP,

M, ~ 40000. 2-propanol (99%); absolute ethanol and Milli-Q water were used as
solvents.
Preparation of Au@SiO@TiO @SiO; nanospheres. Au(@citrate spheres (~50 nm av.
diameter 20 mL, [Au]=164 ppm) were prepared as previously reported,'® centrifuged
at 3500 rpm for 20 min and dispersed again in water (12 mL). The seeds were added
dropwise under vortex stirring to a mixture of 2-propanol (48 mL) and H,O (16 mL),
containing 4-MBA (560 pL, 5 Mm in ethanol). After stirring for about 1 h to induce
self-assembly of the ligands over the surface, ammonium hydroxide (2.4 mL) was
added under fast stirring, followed by dropwise addition of TEOS (6 mL, 89.6 mM in
2-propanol), and was stored for ~12 h under slow stirring.

The achieved Au@SiO; nanospheres were dispersed in a mixture of ethanol (25 mL)

and acetonitrile (7 mL) under stirring. After adding ammonia aqueous solution (200
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puL), TBOT (145 pL) in a mixture of ethanol (3 mL) and acetonitrile (1 mL) was
injected into the mixture quickly. After stirring for 3 h, the mixture was centrifuged and
washed with water. Above multi-layer particles were dispersed into water containing
20 mg PVP overnight to allow for the adsorption of PVP onto the TiO, surface, then
separated from solution by centrifugation, and re-dispersed in 10 mL ethanol. The
solution of Au@SiO,@TiO, was sequentially mixed with ethanol (13 mL), water (4.3
mL), TEOS (200 pL) and aqueous ammonia (620 pL). After stirring for 4 h, the
resulting particles were centrifuged, washed with water and dried under 80 °C in oven.
Calcination, SiO; etching and assembling. The multi-layer particles were calcined in
air at 800 °C for 2 h to remove all organic compounds and crystallize the amorphous
TiO,. Then the calcined samples were treated by 10 mL 0.6 M NaOH solution at 60 °C
for 2 h. After etching, the Au-TiO; yolk-shell particles were separated equally into two
samples and centrifuged several times using water and ethanol. Both of the two samples
were re-dispersed into water. One of the samples was kept stirring to make the particles
monodispered, while another one was settled undisturbed for several days. The
supernatant of the undisturbed sample was taken out and the precipitant was dried under
30 °C overnight. Then the assembled 3D-array were achieved.

FDTD Calculations. The computational simulations were performed by using the
finite-difference-time-domain (FDTD) Solutions 8.11 developed by Lumerical
Solutions, Inc. During the simulations, an electromagnetic pulse with a different
wavelength range was launched in a box containing a target nanostructure, and the
override mesh cell size used was 4x4x4 nm’. During the calculation, we supposed that
all the AuNS were in the same place instead of randomly dispersed. The optical
constants of Au and TiO, were taken from tabulated values bulk gold measured by
Johnson and Christy and Tompkins.'” The size of Au, yolk-shell cavity and TiO,
thickness were matched with the average values. The refractive index of the medium
was water set to be 1.33.

Photocatalytic Hydrogen Generation Test. 3.734 mL of aqueous solution of Au-TiO,
yolk-shell particles and assembled sample achieved from same amount of solution
(weight of particles is 3 mg) were mixed with 266 pL. H,PtClgenH,O solution and 1 mL
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methanol. The above samples were firstly bubbled with nitrogen for 30 min to remove
the dissolved oxygen and then irradiated by UV-LED source (Asahi Spectra, POT-365;
100 mW cm®) for 20 min to ensure the deposition of Pt on the surface of TiO,. Finally,
the samples were irradiated at different wavelengths using a Xenon lamp for H,
generation (Asahi Spectra, HAL-320; 650 mW cm™). The visible light was filtered with
nominal 420 nm cutoff filter, while a simulated daylight irradiation was conducted
without any filter. Hydrogen evolution was measured by using Shimadzu GC-8A gas
chromatograph equipped with an MS-5A column and a thermal conductivity detector.
The apparent quantum efficiency (AQE) for hydrogen evolution at 540 nm wavelength
of the monochromatic light with width of £ 5 nm (Asahi Spectra HAL-320; 0.7 mW
cm™?) was calculated using the following equation: AQE = (2 x number of number of
hydrogen molecules / number of incident photons) x 100%.

Single-Particle PL measurements by Confocal Microscopy. Sample preparation for
single-particle photoluminescence (PL) experiments: The cover glasses were purchased
from DAICO MFG CO., Ltd. (Japan) and cleaned by sonication in a 20% detergent
solution (As One, Cleanace) for 7 h, followed by repeated washing with warm water 5
times. Au-TiO; and pure AuNS aqueous suspensions were centrifuged and then re-
dispersed in water. The well-dispersed aqueous suspensions of nanospheres were spin-
coated on the cleaned cover glass. The cover glass was annealed at 100 °C for 1 h to
immobilize the particles on the surface.

Single-particle PL images and spectra of samples were recorded by using an
objective scanning confocal microscope system (PicoQuant, MicroTime 200) coupled
with an Olympus, UplanSApochromat, 100%, 1.4 NA) and a circular-polarized 488 nm
continuous wave laser controlled by a PDL-800B driver (PicoQuant). Typical
excitation power for the PL measurements was 170 pW at the sample. The emission
from the sample was collected by the same objective and detected by a single photon
avalanche photodiode (Micro Photon Devices, PDM 50 CT) through a dichroic beam
splitter (Chroma, 405rdc) and long pass filter (Chroma, HQ430CP). For the
spectroscopy, only the emission that passed through a slit entered the imaging
spectrograph (Acton Research, SP-2356) that was equipped with an electron-
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multiplying charge-coupled device (EMCCD) camera (Princeton Instruments, ProEM).
The spectra were typically integrated for 5 s. All the experimental data were obtained
at room temperature.

Characterization of Materials. The samples were characterized suing X-ray diffraction
(XRD, Rigaku Rint-2500, CuKa source), SEM (JEOL JSM-6330FT), and HRTEM
(JEOL JEM 3000F, operated at 300kV). The steady-state UV-visible absorption and
diffuse reflectance spectra were measured by UV-visible-NIR spectrophotometers

(Shimadzu, UV-3100, and Jasco, V-570, respectively) at room temperature.
3. Results and Discussion

In order to synthesize Au-TiO; and 3D-array, two layers of SiO, were coated outside
of AuNS with one layer as void template and another as protector firstly (Scheme 1).
Then the sample was calcined under 800 °C for 2 h. After etching two layers of SiO,
by alkaline, the Au-TiO; could be achieved.

—¢-0-©

Au@SiO,@TiO, Au@SiO,@Ti0,@Si0,

&
—@

Au-TiO,

3D-array

Scheme 1 Schematic illustration of synthesizing Au-TiO, and 3D-array.

AuNSs with an average diameter of 51.3 = 3.8 nm were synthesized by the seed
growth method using citrate as stabilizer. Uniform Au-TiO, exhibited perfect
monodispersibility and high yield without any byproducts (Figures 1A). In addition,

TEM image clearly shows that there is a cavity inside of the TiO, shell. Amorphous
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TiO, was crystallized into TiO, shell with the extremely small size (approximately 5
nm) after calcination, which is due to the protection of the outside SiO, layer. Elemental
mapping further confirms that there is only one AuNS in each TiO; yolk-shell structure
and AuNS is partially attached onto the inner surface of TiO; yolk-shell (Figures 1B-
E). 3D-assembled array could be fabricated by keeping the monodispersed Au-TiO,
nanosphere aqueous solution standing undisturbed for one week, as shown in Figure 1F
and G. Au-TiO; nanospheres were closely packed with each other into a hexagonal
structure that is visible over a wide range. The intersection image (Figure 1G) displays

that the assembled sample is composed of several layers of Au-TiO, particles.

C 0K

Figure 1 TEM image of Au-TiO,, inset image is the enlarged one Au-TiO; (A).
HAADF-STEM image of Au-TiO, (B). Elemental mappings of O (C), Ti (D) and Au
(E). SEM images of 3D-array, inset is the enlarged image (F). Intersection image of 3D-
array (QG).

Considering the X-ray diffraction (XRD) pattern of Au-TiO, 3D-assembled array
(Figure 2), two sets of diffraction peaks are present, which could be assigned to the
cubic Au phase (PDF 04-0784) and anatase TiO, (PDF 21-1272). Interestingly, the peak
width of TiO, is greatly broadened. This phenomenon is due to the ultrasmall
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nanoparticles, about 3 nm according to Scherrer-equation, which is consistent with the

results shown in HRTEM images.

—Ti0, hollow
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Figure 2 XRD patterns of TiO, hollow nanosphere and Au-TiO; yolk-shell nanosphere.

Surface plasmon resonance (SPR) is the most remarkable character of Au
nanoparticles. Figure 3 shows the typical extinction spectra of original citrate-AuNS
and the products achieved during each step are presented. The peak position of AuNS
is red-shifted from 530 to 547 nm after coating SiO,. This red shift is caused by the
higher refractive index of SiO, (1.43) than that of water (1.33)."" While if further
coating TiO, and SiO,, peak position showed no shift due to the thickness of first layer
of Si0,."* After removal of two layers of SiO,, the peak position was slightly blue-
shifted to 541 nm. The optical properties of TiO, 3D-assembled array were investigated
by diffuse reflectance UV-vis spectroscopy (Figure 3B). The reflection spectrum began
to change sharply as the wavelength becomes shorter than 380 nm caused by strong
intrinsic absorption of light of the anatase TiO, semiconductor. The SPR peak position
of AuNS, however, did not change after assembling, which was still centered at 541
nm.

The photocatalytic H, generation was examined with three samples: monodispersed
pure TiO; hollow nanosphere, monodispersed Au-TiO, yolk-shell nanosphere and Au-
TiO, 3D-assembled array. Figure 3C shows the amount of H, generated under visible-
light irradiation (A>420 nm) for 3 h. Because of no light absorption in this wavelength
range, no H, was detected during the illumination when pure TiO, was served as

photocatalyst. While after introducing AuNS, the samples exhibited photocatalytic
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ability under visible light. Compared with monodispersed sample, 3D-assembled array
displayed almost 3.5 times higher performance. This excellent visible-light
photocatalytic activity can be attributed to the novel structure. When these three
samples were irradiated under simulated solar light, the H, production activity follows
the same order as in the case of visible light irradiation (Figure 3D). 3D-assembled
array showed about 1.4 times higher performance than the monodispered sample, and
both of these two samples exhibited 3~4 times higher performance than pure TiO,
hollow nanosphere. We believe the AuNS encapsulating inside of TiO; shell plays an

important role in enhancing photocatalytic performance.
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Figure 3 (A) UV-Vis absorption spectra of the samples during the synthesis. (B) UV-
Vis absorption spectrum of 3D-order assembled Au-TiO, nanospheres. (C and D)
Comparison of the photocatalytic production of H, from aqueous methanol mixture
obtained for TiO, hollow nanosphere, Au-TiO, yolk-shell nanosphere and 3D-order
assembled array under (C) visible light irradiation and (D) simulated daylight.

In addition, we also measured the stability of photocatalysts by repeating
photocatalytic H, production experiments and assessment of the morphology after
photocatalytic reaction (Figure 4). From Figure 4A we can see that there is no

significant decay in the photocatalytic activity after three cycles and the SEM images
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exhibited that the structure still kept three-dimensional array structure even though

some yolk-shells were broken. These results suggest that the 3D-array has a good
stability in photocatalytic H, production.
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Figure 4 Recyclability of 3D-array as photocatalysts in H, production under visible
light irradiation (A). SEM images of 3D-array after photocatalysis reaction (B-C).

It has been proposed that the photocatalytic activity of Au-TiO, under visible light
irradiation relates to the hot electron transfer at the interface between AuNS and
Ti0,.""'* To clarify the photocatalysis mechanism, single-particle photoluminescence
(PL) spectroscopic measurement was carried out under 488 nm laser irradiation.
Typical single-particle PL images of individual AuNS, Au-TiO, and Au-TiO,
decorating Pt (Au-TiO,-Pt) on cover glasses are shown in Figures 5A, B and C,
respectively. Because there is no absorption under 488 nm for pure TiO,, the observed
PL emission comes from the recombination of electron-hole pairs in AuNS under laser
irradiation. From the images, we can clearly find that the PL intensity gradually decays
after forming Au-TiO, and Au-TiO,-Pt. The corresponding detailed PL spectra of
individual AuNS, Au-TiO; and Au-TiO,-Pt were collected by switching the detection

to a spectrometer equipped with an electron-multiplying charge-coupled device
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(EMCCD) camera (Figure 5D). For AuNS, only one PL peak could be observed at 550
nm, while Au-TiO, showed PL shifted to the longer wavelength, indicating the
interaction between plasmonic AuNS and TiO; shell. Such interaction was also
consistently appeared in UV-vis absorption spectra in which the SPR peak shifted to
longer wavelength for Au-TiO, compared with AuNS. The PL intensity of AuNS was
quenched to 70 % by TiO; shell, suggesting that the hot electrons generated by AuNS
partially transferred to the conduction band of TiO; shell. And the further quenching of
PL intensity after decorating Pt nanoparticles exhibits that the injected electrons on the
Ti0, conduction band moved to Pt, which further retards the recombination of electrons

and holes.

D —— AuNS E
16000 ——Au-TiO, N3
Au-TiO,-Pt : \
120004 | N e
| E \ o
8000- I CB
h* E;
4000
EV B
04= T ) T T
500 600 700 800 .
Au TiO, Pt

Wavelength (nm)

Figure 5 PL images of individual (a) Au nanosphere, (b) Au-TiO, yolk-shell
nanosphere. (C) Correlated PL spectra of the corresponding Au and Au-TiO,. (D)
Schematic illustration of hot electron generated in Au and transfer to TiO».

We also randomly selected other six AuNS, six Au-TiO,, and six Au-TiO,-Pt from
the cover glasses and measured their PL spectra under same conditions. It was
confirmed that Au-TiO,-Pt (Figure 6) showed undoubtedly the lower intensity
compared with pure AuNS (Figure 7) and Au-TiO, (Figure 8) and the PL intensity of
AuNS becomes weak after forming Au-TiO,, which further support the fact that TiO,
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and Pt would retard the recombination of electron-hole pairs in AuNS. Additionally, it
was confirmed that the PL intensities have small variations for each AuNS, Au-TiO»
and Au-TiO,-Pt, which is due to the monodispersed size and shape of nanoparticles."
Based on the single-particle PL images and spectra, charge migration route can be clear
illustrated that the hot electrons are first generated in AuNS under 488-nm laser
irradiation, then partially inject into the conduction band of TiO,, and finally transfer

to Pt nanoparticles. Because Pt is an excellent co-catalyst, H, evolution reaction would
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take place on the surface of it. (Figure 5E).
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Figure 6 PL spectra (A-F) of six representative single naked Au nanospheres random
selected from the cover glass.
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Figure 7 PL spectra (A-F) of six representative single Au-TiO, yolk-shell nanospheres
random selected from the cover glass.
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Figure 8 PL spectra (A-F) of six representative single Au-TiO,-Pt yolk-shell
nanospheres random selected from the cover glass.

Apart from the hot electrons generation, SPR-mediated local electromagnetic field
of AuNS can increase the amount of electron-hole pairs in semiconductors to enhance
the photocatalytic activity, because the photon absorption is proportional to the electric
field squared (|E]")."® Even though there is no spectral overlap between the amplified
electric field and the absorption edge of TiO,, it is known that there are defect states
within the band gap of TiO,."” The low density of these defect states inhibits the visible
light absorption and thus prohibits the photocatalytic activity of TiO, under the visible
light irradiation. However, introduction of AuNS leads to substantially improvement of
electric field in the visible region and therefore increases the role of defect states in
photocatalytic reactions.'® To acquire the exact extent of electromagnetic field
amplification and its possible contribution to the photocatalytic activity, FDTD
simulations were carried out to analyze the electromagnetic field enhancement at the
interfacial between AuNS and TiO; at the wavelength of SPR peak position (541 nm).
According to the simulation results (Figure 9), the electromagnetic intensity of AuNS
encapsulated in TiO; shell are enhanced greatly in the visible region assigned to their
SPR absorption peak. The electromagnetic fields of 3D-array, however, display almost
the same or even less intensity compared with Au-TiO,, indicating that the assembling
does not have extraordinary influence on electric-field intensity. Therefore, we can
conclude that the SPR enhanced defect states are not responsible for increasing the
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photocatalytic activity of H, generation using 3D-array.
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Figure 9 Electromagnetic field of monomer Au-TiO; yolk-shell nanosphere (A) and
3D-order assembled Au-TiO; yolk-shell nanosphere (B). The color scale bar shows the
relative increase in field enhancement |E|/|Ey).

3D-array just comes from the orderly assemble of single Au-TiO, yolk-shell and the
amount of photocatalysts used for H, generation is also the same. For Au-TiO; yolk-
shell and 3D-array photocatalysts, they can both disperse in the water homogeneously
without any changing of their structure during the photocatalytic reaction. In this case,
the exposure area of the photocatalysts is almost the same during whole reaction. Based
on above discussions, we suppose that the improvement of photocatalytic activity of
3D-array under visible light irradiation is ascribed to its uniform 3D structure, which
results in enhanced multi-scattering effect in-between Au-TiO,. Au-TiO, as the
photocatalyst for H, generation with the concentration of 1.15x10"" nanospheres mL"
gives an average interparticle spacing of 2.3 pm. Because the intensity of scattered light
in the zone of Au-TiO is reciprocal to the distance from nanosphere to the point being
investigated,'®'” thus, the multi-scattering effect from other particles is much weaker
in Au-TiO; compared with 3D-array due to the long interparticle distance. Previous
research exhibited that the light absorption can be increased by decreasing the
interparticle distance.” The nearly close packed Au-TiO; gives rise to enhanced multi-
scattering and then these scattered light can transfer to the neighboring Au-TiO,, which
causes longer optical paths length of incident light in 3D-array. Therefore, the scattering
light greatly increases the chance of AuNS to absorb light. It is believed that the shells

do not only scatter the incident light of different wavelengths in the visible region, but
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also multi-reflect the incident light.*' In this case, the multi-reflection inside the
nanoparticles could also increase the light path length due to the unique yolk-shell
structure. In the photocatalytic H, generation under visible light irradiation, if more
photons are absorbed by photocatalyst, more electrons are generated and used for H,
generation leading to a higher efficiency (Scheme 2A). Since 3D-array exhibits an
enhanced multi-scattering effect, more photons are scattered and reflected by TiO; shell
and then absorbed by AuNS. Thus, the light utilization efficiency of 3D-array is greatly
enhanced. To further confirm that the 3D-array structure has a higher light utilization
efficiency, we measured the apparent quantum efficiency (AQE) of Au-TiO; and 3D-
array under 540-nm irradiation. For 3D-array, the AQE was determined to be 0.43%,
almost three-folds of that of Au-TiO; (0.16%), indicating that the 540-nm photons can
be absorbed and utilized more efficiently by 3D-array. When comparing with previous
reported Au/TiO;, photocatalyst for H, evolution under the same conditions, a higher

photocatalytic activity was found for our 3D-array than the reported Au/TiO;

photocatalysts.”**
A visible light , :
simulated solar light
A>420 nm
Q6 é 0
3D-array ) Au-TiO, Au-TiO, TiO, hollow
unused light

Scheme 2 Schematic diagram of the mechanism for enhanced photocatalytic ability.

Compared with the amount of conduction band electrons through the injection of hot
electrons generated by AuNS under visible light irradiation, conduction band electrons
generated by band gap excitation of TiO, under UV light irradiation are much larger.
Therefore, when these photocatalysts were irradiated under simulated solar light, H,
evolution is dramatically enhanced. The amount of H, generated by 3D-array was 1.4

folds higher than that of Au-TiO,, resulting from the 3D-array structure with the multi-

22



scattering of incident light. This increasing light scattering in 3D-array is due to the
nanoporous structure, which consists of ordered voids both inside and outside TiO,
shell.** Compared with TiO, hollow, Au-TiO, exhibited significantly promoted
photocatalytic activity (3~4 folds higher). We suppose this is due to two main factors.
The first is the multi-scattering effect of AuNS. It has been reported that the radiation
effects of Au nanoparticles become more and more important with the increasing of
particle size.”> In our system, the diameter of AuNS is about 51 nm, and the resonance
photon scattering has a significant influence,° leading to an increase of the light path
(Scheme 2B). Secondly, enhanced local electromagnetic field from SPR effect of AuNS
increases in TiO; hollow, leading to the photocatalytic activity of Au-TiO,. Plasmonic
metal nanostructures enable light to be concentrated into nanoscale ‘hotspots’,
enhancing its electric field. Since the photo absorption rate is proportional to the electric
field squared (|E]),'® such promoted SPR can assist in generating more electron-hole
pairs in the TiO; shell, which is responsible for the enhancement of photocatalytic

activity.'®
4. Conclusion

In conclusion, uniform Au-TiO, and 3D-assembled Au-TiO, nanosphere array were
fabricated, and the introducing of AuNS extended the light absorption from ultraviolet
to visible light range. The results of H, generation experiment show that the 3D-
assembled array has a higher photocatalytic activity, which is attributed to the increased
light path caused by unique structure with enhanced multi-scattering effect. Since the
generation of multi-scattering greatly depends on the shape of particles and distance
between particles, it can be optionally employed as an efficient method to fabricate
structures to enhance the light absorption. The findings made here would help us further
understanding the relationship between multi-scattering and the photocatalytic
performance and rationally design semiconductor photocatalysts with different

morphology.
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Chapter 2. In Situ Synthesis of Hollow-N-TiO,/g-C;N,
Heterostructure: Noble-Metal-Free Visible-Light-Driven

Photocatalysis Induced by Efficient Charge Separation

1. Introduction

H, evolution from water by utilizing solar energy has been a hot research topic
because of its promising potential to overcome global energy crisis and environmental
pollution since the discovery of photocatalytic water splitting on an electrode by
Fujishima and Honda in 1972." Titanium dioxide (TiO,) with low cost, non-toxicity and
long-term stability has been widely studied for photocatalysis and energy storage.>”
However, broader application of pure TiO; is still limited due to its relative wide band
gap (3.2 V) and fast recombination of photogenerated electrons and holes.*® Therefore,
designing and preparing novel TiO,-based photocatalysts with visible light activity and
improving the separation efficiency of photogenerated electron-hole pairs turn into a
worldwide striving direction.”"

Hosting TiO, with guest semiconductors to form heterostructures is the hottest
research topic in the past decade and is continuing to be a pivotal one to improve the

photocatalytic property of as-prepared photocatalysts.'' ™

Particularly, much attentions
have been focused on a heterostructure (TiO,/g-Cs;N4) of TiO; and graphitic carbon
nitride (g-C3Ny), because g-C3Ny is a graphite-like organic semiconductor, which has
visible light absorption (bandgap 2.7 eV) and high reduction ability. In fact, g-C3Ny is
considered to be a promising candidate for water splitting and environment purification
under visible light irradiation,'*'® due to its peculiar thermal stability, appropriate
electronic structure and low cost for preparation. From the relation of energy state levels,
TiO,/g-C3Ny4 can form typical type II heterostructure. Although TiO,/g-C;Ny4 have
been prepared by some groups and utilized for photocatalytic and electrodes,'”"”
electrons transfer kinetics and electron lifetimes from g-C3;N4 to TiO; under visible light

irradiation and the relation to photocatalytic activity are rarely studied.””*' Moreover,

preparation of N-TiO,/g-C;N4 heterostructures through in situ N doping from TiO, and
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g-C3Ny to have effective surface contact has not been reported.
Transient absorption spectroscopy has been recently employed to investigate the

22,23
“ and used here

dynamics of photogenerated holes and electrons in semiconductors,
to explore the lifetime of electrons and electron transfer dynamics in N-TiO»/g-C3Ny. It
has been reported that mesoporous anatase TiO, hollow nanosphere exhibits excellent
photocatalytic performances under UV light irradiations due to their unique properties,
such as low effective density, high specific surface area and good permeation.** Further
functionalization of TiO, shells with g-C3;N4 by taking advantage of TiO, mesopore
structure would lead to effective contact between TiO, and g-C3;N4 in the
heterostructure and thus enhance its photocatalytic activity.

Herein, the authors report a facile approach to introduce g-C;Ny4 into mesoporous
anatase TiO; hollow nanospheres through an impregnated calcination method. By
simply changing the amount of g-C3N4 precursor, cyanamide (CY), the final products
were varied from N-TiO, to N-TiO,/g-C3N4. A variety of measurements were used to
characterize in situ synthesized photocatalysts and a possible formation mechanism was
proposed. As expected, N-TiO,/g-C;N4 exhibited excellent photocatalytic activity in H,
production under visible light irradiation without any noble metal co-catalyst. Based on
the electrochemical spectroscopy and time-resolved diffuse reflectance spectroscopy,
charge separation and electron injection dynamics from photoexcited g-C3N4 to N-TiO,
in N-TiO,/g-CsNy is discussed and the effect of the amount of g-C3N4 on photocatalytic
activity is clarified. This is a detail research on the lifetime of electrons and electron
transfer dynamics for g-C;N4. We believe that our strategy provides a stepping stone
for designing novel heterostructure photocatalysts and meanwhile gives deep insight

analysis of charge transfer dynamics.
2. Experimental Section

Materials. Ammonium hydroxide (28-30%), tetraethylortosilicate (TEOS, 98%),

tetrabutyl titanate (TBOT 99%), polyvinylpyrrolidone (PVP, M,, ~40000), 2-propanol

(99%), cyanamide (CY), absolute ethanol and Milli-Q water were used.
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Preparation of TiO; hollow nanospheres. As a typical in-situ synthesis, TEOS (4.5
mL) was mixed with deionized water (24.75 mL), ethanol (61.75 mL) and an aqueous
solution of ammonia (1.5 mL). After stirring for 4 h, the silica particles (SiO;
nanospheres) were separated by centrifugation, washed two times with ethanol.

Si0O; nanospheres were dispersed in a mixture of ethanol (25 mL) and acetonitrile (7
mL) under stirring. After adding ammonia aqueous solution (200 uL), TBOT (300 pL)
in a mixture of ethanol (3 mL) and acetonitrile (1 mL) was injected into the mixture
quickly. After stirring for 3 h, the mixture was centrifuged and washed with water.
Above Si0,@TiO; particles were dispersed into water containing 20 mg PVP overnight
to allow for the adsorption of PVP onto TiO, surface, then separated from solution by
centrifugation, and re-dispersed in 10 mL ethanol. The solution of SiO,@TiO, was
sequentially mixed with ethanol (13 mL), water (4.3 mL), TEOS (300 uL) and aqueous
ammonia (620 puL). After stirring for 4 h, the resulting particles were centrifuged,
washed with water and dried under 80 °C in an oven.

The multi-layered particles were calcined in air at 800 °C for 2 h to remove all organic
compounds and crystallize the amorphous TiO,. Then the calcined samples were treated
by 10 mL 0.6 M NaOH solution at 70 °C for 2 h. After etching, TiO, hollow nanospheres
were centrifuged several times using water and ethanol, and then dispersed into ethanol.
Preparation of N-TiO»yg-C3N4 (N-TCN-x, x= 200, 500, 700, and 1000). TiO, hollow
nanospheres solution (10mg in 600 pL ethanol) was mixed with different amounts of
ethanol solution containing CY (1 g mL™"). When the amounts of CY solution were 200,
500, 700 and 1000 pL, as-prepared mixtures were obtained to be dried under stirring in
55 °C water bath. After drying, these samples were heated to 550 °C for 2 h in a glass
bottle with a ramp rate of 3 °C min'l, and N-TiO,/g-CsN4 (N-TCN-x, x= 200, 500, 700,
and 1000) were obtained. For the in-situ synthesis of pure g-C3Ny, 1 g of CY was put
in a glass bottle and heated to 550 °C with a ramp rate of 3 °C/min.

Photocatalytic H, evolution. 3 mg sample were dispersed in 5 mL aqueous solution
containing 20 vol% methanol for H; evolution. Prior to the irradiation, the suspension
of the catalyst was dispersed by using an ultrasonic bath, and then bubbled with argon

through the reactor for 30 min to completely remove the dissolved oxygen and ensure
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the reactor was in an anaerobic condition. The samples were irradiated at different
wavelengths using a Xenon lamp for H, generation (Asahi Spectra, HAL-320; 350 mW
cm™). The reaction temperature was kept at about 293 K. The visible light was filtered
with nominal 420 nm cutoff filter, while a simulated daylight irradiation was conducted
without any filter. The volume of H, was measured by using Shimadzu GC-8A gas
chromatograph equipped with an MS-5A column and a thermal conductivity detector.
Photoelectrochemical measurements. Electrochemical and photoelectrochemical
measurements were performed in a three-electrode quartz cells. A platinum wire was
used as the counter electrode, and a Ag/AgCl electrode was used as the reference
electrode. N-TiO,/g-CsN4 (N-TCN-x, x= 200, 500, 700, and 1000) film on a glassy
carbon electrode was served as the working electrode. 0.1 M Na,SO4 aqueous solution
was used as the electrolyte. The Xenon lamp (350 mW cm™) was utilized as the light
source in the photoelectrochemical measurements.

Time-resolved diffuse reflectance transient absorption measurements. The
femtosecond diffuse reflectance transient absorption spectra were measured by the
pump and probe method using a regeneratively amplified titanium sapphire laser
(Spectra-Physics, Spitfire Pro F, 1 kHz) pumped by a Nd:YLF laser (Spectra-Physics,
Empower 15). The seed pulse was generated by a titanium sapphire laser (Spectra-
Physics, Mai Tai VFSJW; fwhm 80 fs). The fourth harmonic generation (420 nm) of
the optical parametric amplifier (Spectra-Physics, OPA-800CF-1) was used as the
excitation pulse. A white light continuum pulse, which was generated by focusing the
residual of the fundamental light on a sapphire crystal after the computer controlled
optical delay, was divided into two parts and used as the probe and the reference lights,
of which the latter was used to compensate the laser fluctuation. Both probe and
reference lights were directed to the sample powder coated on the glass substrate, and
the reflected lights were detected by a linear InGaAs array detector equipped with the
polychromator (Solar, MS3504). The pump pulse was chopped by the mechanical
chopper synchronized to one-half of the laser repetition rate, resulting in a pair of
spectra with and without the pump, from which the absorption change (%Abs) induced

by the pump pulse was estimated. All measurements were carried out at room

29



temperature.

Characterization of materials. The samples were characterized using X-ray diffraction
(XRD, Rigaku Rint-2500, CuKa source), SEM (JEOL JSM-6330FT), and HRTEM
(JEOL JEM 3000F, operated at 300kV). The steady-state UV-visible absorption and
diffuse reflectance spectra were measured by UV-visible-NIR spectrophotometers
(Shimadzu, UV-3100, and Jasco, V-570, respectively) at room temperature. The XPS
measurements were performed with the PHI X-tool SULVAC-PHI).

3. Results and Discussion

In order to confirm the existence of g-C3Ny in N-TiO,/g-C3N4 (N-TCN-x, x= 200, 500,
700, and 1000) after calcination process, FT-IR spectra were measured (Figure 1). FT-
IR spectrum of pure g-C3N4 exhibited the feature-distinctive stretch modes of aromatic
CN heterocycles at 1200-1700 cm™ together with the breathing mode of bending
vibration of heptazine ring at 808 cm™, which was consistent with the reported

326 For pure TiO», the broad absorption band around 1000 cm™ was assigned

studies.
to Ti-O stretching mode.'® When the volume of CY ethanol solution was 200 pL (1 g
mL™), no peak of g-C3Ny could be observed in FT-IR spectrum of N-TCN-200. If we
increased the amount of CY (500 pL), characteristic peaks of N-TiO, and g-CsN4 were
appeared for N-TCN-500, suggesting that both N-TiO, and g-C3N, were involved. The
broad absorption band around 1000 cm™ disappeared when the amount of CY was

increased to 700 and 1000 pL and only feature peaks of g-C;N4 were observed in N-
TCN-700 and N-TCN-1000.

30



=] TiO,
S
° N-TCN-200
2 “TCN-500
© s
b= . -TCN-700
g -TCN-1000
c
® C.N
|: /' o\ 5 3 4
808 1241"/. 5 \.\\1642
. 1325 1'4141564' ' ' '
1000 2000 3000 4000

Wavenumber (cm™)

Figure 1 FT-IR spectra of TiO,, N-TiO,/g-C3N4 (N-TCN-x, x = 200, 500, 700, and
1000), and g-C3Ny.

The morphology and microstructure of TiO, hollow spheres with and without g-C3Ny4
were characterized for comparison. Figure 2 displays the typical SEM and TEM images
of pure TiO,, N-TCN-200, and N-TCN-700. Pure TiO, sample is composed of a large
number of hierarchical nanospheres with diameters about 100 nm. The hollow structure
can be observed clearly from the cavity inside of the smooth shell according to TEM
image (Figure 2D). HRTEM image of one single TiO, exhibits that the shell is
composed of small TiO, grains with size about 3~5 nm. In addition, a large number of
mesopores with a 3D interconnected framework built by nanosized TiO; building block
particles is exhibited on the hollow spheres. After calcination with 200 uL CY ethanol
solution under 550 °C for 2 h, the products still keep their hollow structure, while the
morphology changes a lot, and no g-C3Nj is found in the products. Then we continue
to increase the amount of CY to 500 and 700 pL, g-CsNy starts to appear in N-TCN-x
(x = 500 and 700) (Figure 3A and D, Figure 2C and F, respectively). This result is
consistent with that of FT-IR measurement. It is clearly found that TiO, hollow
structures and wrinkled two dimensional structures (g-CsNj) are coupled together
tightly (Figure 2F) and part of mesopores are filled with g-C3;N4 (inset image of Figure
3D). The formation of g-CsN4 both outside and inside of the shell indicates that the
intimate interfacial contact between N-TiO, spheres and g-C;N4 nanosheets is readily

obtained by such a simple impregnated calcination approach. While further adding TiO,
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sample to 1000 pL. CY ethanol solution, large amount of g-C;N4 are generated outside
of the shell and mainly fully cover TiO, spheres, as shown in Figure 3B and E. The
structure of g-C3;N4 in N-TCN-1000 resembles pure g-CsNy (Figure 3C and F), which

is composed of large amount of layers and shown as bulk.

/:100 nm e 52 »w

Figure 2 SEM and TEM images of pure TiO, hollow nanosphere (A and D), inset is
HRTEM image; N-TCN-200 (B and E), insets are enlarged SEM and TEM images; N-
TCN-700 (C and F).

In addition to the gradual formation of g-C3N4, morphology change of TiO, sphere
is another interesting point. By comparing the morphologies before and after
calcination with 200 pLL CY solution, we observe that the shell surface of some hollow
nanospheres turn to be rough, indicating that small TiO, grains change significantly
(clearly shown in red circle in Figure 2B inset image). HRTEM image displays
obviously that the size of TiO, particle changes from about 3 nm to 20 nm (Figure 2E
inset image). For the N-TCN-500 sample, even though there are still some roughed
TiO; spheres, the quantity decreases a lot, as shown in Figure 3A and D. The rough
hollow spheres are totally disappeared in N-TCN-700 (Figure 2C and F). We suppose
that this morphology changing in N-TCN-200 and N-TCN-500 is due to the re-growth
of TiO; particles under high temperature (550 °C). In order to support this, pure TiO,
hollow nanospheres are calcined under the same condition and nearly all the surface of

spheres become rough (Figure 4). Therefore, we suspect that the formation of g-C3Ny4
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during calcination process has a confinement effect on the re-growth of TiO, particles.
If the amount of CY is small (200 pL), g-C3N4 could not be generated, thus TiO,

particles re-grow into large size and the morphology become rough. While increasing

the amount prohibits the re-growth of particles.

Figure 4 SEM imagef TiO, afteralcination under 550 °C r2h.

Crystallographic and quantitative analyses are conducted by XRD and TGA,
respectively. The XRD pattern of pure TiO; in Figure 5A is assigned to be anatase TiO,
(PDF 21-1272). According to Scherrer’s equation, a particle size is calculated to be 3

nm, therefore, the widths of peaks are greatly broadened, and the intensity decreases
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considerably. The distinct diffraction peak at 27.4° in g-C3N4, corresponding to the
interlayer stacking of aromatic segments, is indexed to (002) peak for graphitic
materials.”® Similar to the results of FT-IR, SEM and TEM, no g-C;N, is detectable for
N-TCN-200. The width of peaks become narrow and intensity enhances, which also
confirm the re-growth of TiO; particles into larger size. The diffraction peaks of g-C3;Ny4
started to appear when the volume of CY ethanol solution increases to 500 puL. Due to
further increasing of CY, only a very weak shoulder peak of TiO, at 25.2° is detected
in N-TCN-700 and almost no TiO; peak is observed in N-TCN-1000. In the XRD
spectra, no other characteristic peak is found, indicating the high purity of N-TCN-x.
The actual weight ratio of g-CsN4 in N-TCN-x is measured by TGA (Figure 5B).
Decomposition of g-C3;Ny4 is completed at 600 °C, while TiO, remains stable above
600 °C. Thus, it is possible to determine the weight ratio of g-C3N4 in N-TCN-x by
observing their residual mass after the temperature has risen to 600 °C. Following the
methodology, a gradual change in weight percentage of g-C3Ny is observed, from 87.8%
in N-TCN-1000 to 69.8% in N-TCN-700 and 42.9% in N-TCN-500. Again, no
decomposition is observed for N-TCN-200, which is consistent with above discussion.

The detailed data are summarized in Table 1.

A B 1%
80
_/L C.N
—_ _JL o —Tio,
3 ./L N-TCN-1000] = 60{ ——N-TCN-200 42.9
s N-TCN-700 : —— N-TCN-500
2 £ 4] ——N-TCN-700
® =] - 69.8
® S N-TCN-1000
2 N-TCN-500 | ‘g
£ = o TN 87.8
£ N-TCN-200 .
1
w 0- 00
20 30 40 50 60 70 200 400 600 800
2 Theta (degree) Temperature (°C)

Figure 5 XRD patterns (A) and TGA traces (B) of TiO,, N-TCN-x, and g-C3Na.
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Table 1 TGA, BET surface area, BJH pore size and volume of various photocatalysts.

Photocatalysts g-C3N4 (Wt%) Surface area Pore size Pore volume
(TG) (m* g™) (nm) (em’ g

TiO; 0 239 2.18 0.3910
N-TCN-200 0 66.5 2.08 0.2043
N-TCN-500 42.9 63.3 2.08 0.1227
N-TCN-700 69.8 39.9 2.08 0.0576
N-TCN-1000 87.8 19.2 1.75 0.0453
g-C3Ny 100 4.32 1.34 0.0147

In order to analyze N-TCN-x and why there is no g-CsN4 in N-TCN-200, XPS
measurement is performed. Figure 6 shows XPS spectra of Ti 2p, O 1s, C 1s and N 1s
of N-TCN-200 and N-TCN-700. The C s high-resolution spectrum displays two peaks
centering at 284.8, and 288.2 eV for N-TCN-700 (Figure 6A) to be assigned to sp® C-
C bonds and sp>-bonded carbon for N-containing aromatic rings (N-C=N),
respectively.”” While no C signal is detected for N-TCN-200. The N 1s spectrum of N-
TCN-700 is deconvoluted into four different Gaussian-Lorentzian peaks centered at the
binding energies of 398.3, 398.9, 400.4 and 404.5 eV (Figure 6B). The peaks of 398.3,
398.9 and 400.4 ¢V are assigned to sp>-hybridized aromatic N atoms bonded to C atoms
(C=N-C), tertiary nitrogen N-(C); group linking structural motif (C¢N7) and N atoms
bonded to three C atoms in the aromatic cycles, respectively.”® The peak centered at
404.5 eV is also observed by other group,” although the assignment is not fully
understood. On the contrary, only one weak peak located at 400 eV is observed for N-
TCN-200, to be assigned to N atoms doped in TiO,.*° The shift of Ti 2p peaks in N-
TCN-700 is observed probably ascribing to increasing amount of N doping (Figure 6C).
In additional, elemental mapping of N-TCN-200 further supports that N element is
distributed over TiO, hollow nanosphere homogeneously with other elements, Ti and
O, which is another strong evidence for N doping (Figure 7). The peaks observed at
529.9 eV is assigned to the contribution of Ti-O in TiO,, while another peak is to the

hydroxyl group of chemisorbed water (Figure 6D).***!
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Figure 6 XPS spectra of C 1s (A), N 1s (B), Ti 2p (C) and O 1s (D) of N-TCN-200 and
N-TCN-700.

A

Figure 7 TEM image (A) and elemental mappings of N (B), O (C), and Ti (D) of N-
TCN-200.

The data obtained after deconvolution of these peaks reveal that the atomic ratios of
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C/N and O/Ti are approximately 0.66:1 and 2:1, respectively (Table 2). The C/N ratios
for N-TCN-500 (-700 and -1000) and g-Cs;N4 are lower than 0.75 for the ideal crystal
g-C3Ny. These results are in agreement with the FT-IR and XPS analyses, implying that
the amino groups originated from the incomplete condensation of the as-prepared g-
C3N,.»
Table 2 Values of C/N and O/Ti ratios in the all photocatalysts.

Sample TiO; N-TCN- N-TCN- N-TCN- N-TCN- g-C3N4

200 500 700 1000
C/Nratio - - 0.69 0.67 0.66 0.66
O/Tiratio 1091 2.19 2.12 1.91 2.29 -

According to the results and discussions, we suggest a possible formation mechanism
for N-TCN-x (Scheme 1). Due to the good permeation property, CY ethanol solution
easily penetrates into the cavity of TiO, hollow nanosphere through the mesopores.
After evaporation of ethanol under 60 °C in a water bath, a portion of melted CY still
leaves in the voids. Then during the calcination process, a part of CY decomposes and
acts as N precursor for the N doping into TiO, shell, while the rest polymerize to
generate g-C3Ny. When the amount of CY is not large enough, all CY decompose to
form N doping TiO, shell as N-TCN-200. While if the amount of CY is enough, both
N doping and g-Cs;N, formation take place simultaneously and g-C;Ny is gradually
formed from inner void to the outside of TiO, hollow spheres, such as N-TCN-500, N-
TCN-700 and N-TCN-1000. On the other hand, due to the formation of g-C;N4 outside
of TiO; small grains (3 nm), the recrystallization of these small grains to large particles
(20 nm) is greatly restrained. This is the first time that we control gradual change from

N doping TiO; hollow nanosphere to N-TCN-x, by just varying the amount of CY.
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Scheme 1. [llustration of formation mechanism for N-TCN-x.
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The textural property of N-TCN-x was characterized by nitrogen gas porosimetry
measurement as shown in Figure 8. The isotherms are of typical type IV pattern with
distinct Hs hysteresis loops in the range of 0.4-1.0 P/Py, indicating the presence of slit-
like pores according to the IUPAC classification. Surface areas of N-TCN-x measured
by multi-point Brunauer-Emmett-Teller (BET) method from the adsorption branch are
all lower than that of TiO; hollow spheres. Their corresponding pore size distribution
profiles as determined using the Barrett-Joyner-Halenda (BJH) method from the
desorption branch of isotherms are shown in the inset in Figure 8, which indicate the
mesoporous nature of synthesized TiO, hollow spheres and N-TCN-x. The BET surface
area, BJH pore size and volume are summarized in Table 1. The sharp decrease of BET
comparing pure TiO, with N-TCN-200 is related to the re-growth of TiO, particle to
large size. The further decrease of BET is resulted from the formation of g-C;Ny in the

void of TiO; hollow sphere.
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Figure 8 N, adsorption-desorption isotherms and pore size distribution curves (inset)
of TiO, N-TCN-x, and g-C3N4. (A) Pure TiO,, (B) N-TCN-200, (C) N-TCN-500, (D)
N-TCN-700, (E) N-TCN-1000 and (F) pure g-CsNa.

Optical absorption and energy band features of the photocatalysts are important in
determining their photocatalytic efficiency. Light absorption properties were
characterized by UV-vis diffuse reflectance spectroscopy (DRS). Figure 9A depicts the
DRS spectra of pure TiO,, g-C3N4 and N-TCN-x. TiO, absorbs only ultraviolet light
with a wavelength shorter than 400 nm, while g-C3N4 absorbs light with a wavelength
up to 500 nm. However, a little absorption of pure TiO, is observed even above 800
nm, which attributes to multi-scattering effect due to the mesoporous structure of TiO,
hollow. After hybridization of TiO, with g-C;N4, the absorption edge of TiO,/g-C;N4
is found to shift towards visible region, and the absorption in the visible light region
(400-650 nm) increases gradually with increasing the amount of CY. This absorption
shift is attributed to the strong interactions between N-TiO, and g-C3Ny,'" as a result of
interdispersion of two semiconductors and g-CsNjy serves as a visible light sensitizer to
drive a reaction on the surface of TiO, hollow spheres. It is suggested that the extension
of absorption to visible region enhances the formation of electron-hole pairs in
photocatalysts and improves their photocatalytic performance.***” Interestingly, N-
TCN-200 is also able to absorb visible light up to 460 nm due to the doping level

generated by N atom. Inset digital image of N-TCN-x clearly exhibits the gradual color
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change from white to yellow.
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Figure 9 Diffuse-reflectance spectroscopy of TiO,, N-TCN-x, and g-C3Ny, inset is the
digital image showing gradual change in color due to the absorption change (A).
Electrochemical impedance spectroscopy (EIS) Nyquist plots under visible light
irradiation (B) and transient photocurrent density curves (C) for TiO, (a), N-TCN-200
(b), g-C3N4 (c), N-TCN-700 (d) and N-TCN-1000 (e) in 0.5 M Na,SO4 solution. H;
evolution from water splitting using various photocatalysts under visible light
irradiation (D).

In order to clarify the fast interfacial charge transfer between g-C3;N4 and N-TiO,,
electrochemical impedance spectroscopy (EIS) and transient photocurrent (/-f)
responses of N-TCN-x photocatalyst film electrodes were recorded. Figure 9B exhibits
EIS curves of TiO;, N-TCN-200, N-TCN-700 and g-Cs;N4 film electrodes. Smaller
frequency semicircle of the arc in an EIS Nyquist plot indicates smaller resistance at
the interface and smaller charge transfer resistance on the electrode surface.’® The
results present the sequence of the frequency semicircles is: TiO, > N-TCN-200 > g-
C3N4 > N-TCN-700, which suggests the fastest separation rate of charge carrier pairs
over N-TCN-700 photoanode. For the transient photocurrent measurement, the higher
photocurrent intensity often corresponds to better photocatalytic activity. The /-¢ curves
shown in Figure 9C exhibit similar order for EIS. As we know, the photocurrent is

formed mainly by the diffusion of photogenerated electrons to the back contact and
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meanwhile the photogenerated holes are taken by hole acceptor in the electrolyte.’” In
this case, the enhanced photocurrent responses of N-TCN-700 reveal better charge
separation and efficient electron transfer within N-TCN-x compared with those of N-

TCN-200 and g-C;Na.
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Figure 10 Plots of H, evolution volume normalized by the surface areas of various
photocatalysts vs. irradiation time (A). Stability test of N-TCN-700 photocatalyst (B).

H, evolution experiment is carried out to investigate the accurate photocatalytic
activity of the samples under visible light irradiation (>420 nm) without any co-catalyst.
Controllable experiments suggest that no appreciable H, is produced in the absence of
either photocatalyst or light irradiation. Figure 9D shows the H, generation under light
irradiation up to 3h. No H, was produced when pure TiO; hollow is served as
photocatalyst because they do not absorb visible light. Only very a little amount of H,
is generated for pure g-C;Ny, which is probably due to the rapid recombination of
electron-hole pairs. When N-TCN-500 is used as a photocatalyst, a large increase of H,
evolution is observed. The photocatalytic activity of N-TCN-x enhances with
increasing g-CsN4 content from N-TCN-500 to N-TCN-700. N-TCN-700 photocatalyst
has the highest H,-production activity (296.4 umol g™ h™"), which is 25.8 times higher
than that of pure g-C;N4. The corresponding apparent quantum efficiency (AQE) is 1.2%
at 420 nm. Further increasing the amount of CY (N-TCN-1000) give rise to slightly
depressed activity but it is still superior to pure g-C3Ny4. Because both heterostructure
and amount of g-C;N4, together with the surface area, influence on the visible light
photocatalytic activity for g-C3;N4-/N-TiO, composites, we compared the H, production
normalized by the surface areas of various photocatalysts, as shown in Figure 10A. It
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is found that N-TCN-700 and N-TCN-1000 have the higher activity than pure g-C3Ny,
N-TCN-500 with a small content of g-CsN4, and N-TCN-200 with N doping. This
means that both heterostructure and amount of g-C;N4 play significant roles on
enhancing the photocatalytic activity for various photocatalysts. The recyclability of N-
TCN-700 is measured by three cycles and there is no decrease, indicating the good

stability of sample (Figure 10B).
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Figure 11 Time-resolved diffuse reflectance spectra of pure TiO, (A), and N-TCN-200
(B).
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Figure 12 Time-resolved diffuse reflectance spectra of N-TCN-500 (A), N-TCN-700

(B), N-TCN-1000 (C) and g-C5N; (D).
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Based on the results described above, we suggest that important factors for N-TCN-
x with higher photocatalytic activity lie in the co-operation effect of N element doping
into TiO, and the construction of intimate heterostructure between N-TiO, and g-C3Ny
(N-TCN-x). The time-resolved diffuse reflectance (TDR) spectroscopy, a powerful
analytical tool for investigating ultrafast processes in photocatalysis under various

ce: 38,39
conditions,”™

is employed in order to confirm this suggestion, probing the initial
charge lifetimes and charge transfer processes after the band gap excitation. We have
recently systematically studied the charge transfer dynamics in N-TiO, mesocrystals.*’
Upon visible light irradiation of N-TiO, (N-TCN-200), electrons are excited from N 2p
in the isolated localized electronic state to the CB of TiO,, while the generated holes
are localized at N 2p state.”' In fact, transient absorption assigned to electrons and holes
is observed (Figure 11B). Additionally, due to the large band gap of pure TiO,, no
charge was generated from visible light irradiation as shown in Figure 11A. Because
the charge carriers in the localized energy states transport freely, N doping enables the
efficient visible-light-driven photocatalytic activity of N-TCN-200.""** Difference
absorption spectra between N-TCN-x and pure g-C3N4 are recorded at different time
delays after the excitation of the samples with 420-nm pump pulse as shown in Figure
12. The spectra of N-TCN-x exhibit a broad absorption band in 950-1050 nm region as
same as pure g-C3Ny, assigning to the trapped and free (or shallowly trapped) electrons

. . 39,4344
in semiconductors.””"”

By comparing the signal intensity of N-TCN-200 and pure g-
C3N4, we can conclude that it is mainly photoexcited electrons generated in g-C3Ny that
account for the photocatalysis reaction. All transient absorption spectra intensity
reaches highest within 3 ps after laser flash, and then gradually decays as shown in
Figure 12. Compared with pure g-C3;Ny in the period of 3-10 ps, the absorption of N-
TCN-x decays more rapidly, and N-TCN-700 exhibits the fastest decay rate. Even
though the transient absorption signal is detected in N-TCN-200, the intensities of N-
TCN-x are much higher than that of N-TCN-200 (N-TiO;), indicating that most

electrons are generated by g-C;Njy rather than N-TiOs.
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Figure 13 Normalized transient absorption trace from N-TCN-500, N-TCN-700, N-
TCN-1000 and g-Cs;N4 after 420 nm laser irradiation (A). Energy diagram and
schematic illustration of electron transfer in g-C3;Ny4 and electron injection from g-C3;Ny
to N-TiO; during irradiation of N-TCN-x under visible light (B).

To clarify the decay kinetics, the absorption-time profiles were recorded at 1000 nm
for N-TCN-x and pure g-C3N4 as shown in Figure 13A, which were fitted by a multi-
exponential function. The smallest number of individual decay lifetimes, ti, which
resulted in the minimum x>, was used for each fit.* The decay signal of pure g-C3N,
was fitted by a biexponential decay function with time constants of 48 ps (30%) and
1384 (70%) (Table 3). After hybridization g-C3N4 with N-TiO,, the decays of N-TCN-
x were fitted by a triexponential function and the lifetimes of electrons were found to
decrease, indicating that a new electron decay pathway opens as N-TiO, traps the
electrons, with a fast decay time of 4-13 ps. The calculated fitting parameters are
summarized in Table 3. The lifetimes of electrons are tentatively explained using
diffusion coefficient of electrons in g-C3;N4. The mean lifetime required for electron
diffusion from neighboring g-C3;N4 to N-TiO, nanoparticles is within several
picoseconds, which is reasonably consistent with the first lifetime (t; =4-13 ps).** The
electrons injections from g-CsN4 into CB of N-TiO, with the distance over tens and
hundreds nanometers are expected to occur in several tens and thousands picoseconds

time scale, respectively, which were observed as the second and third lifetimes (t,=77-
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106 and 13 = 979-1201 ps, respectively) of electrons in N-TCN-x. Such multi
components of the lifetimes are reasonably explained by large scale layered structure
of g-C3Ny.

Consequently, we conclude that the band bending at the interface of type II
heterojunction due to the difference of potential energies between N-TiO, and g-C3;Ny4
induces a built-in field (Figure 13B), which promotes photogenerated electrons
migrating to CB of N-TiO,.*” The large interfacial area of N-TCN-x results in sufficient
interface for efficient charge transfer and photocatalytic reaction. It is also noteworthy
that the component with 1, = 4.2 ps exists at 24% ratio among whole electrons for N-
TCN-700 (Figure 11A), showing shorter 1, and larger ratio than those of N-TCN-500
and N-TCN-1000. This phenomenon indicates a better contact between N-Ti0O, and g-
C3Ny in N-TCN-700 than in other N-TCN-x, leading to a faster and more efficient
electron transfer. The differences of 1, of these three N-TCN-x correspond to the fact
that the electron mobility decreases with decreasing the number of g-C;Ny4 layers,
similarly for graphene.*® SEM and TEM images show that the number of g-C3N, layers
for N-TCN-1000 is much larger than that for N-TCN-500 and N-TCN-700, suggesting
a decrease of the electron mobility for N-TCN-500 and N-TCN-700. Therefore, N-
TCN-1000 exhibited the longest 1,. Considering the values of TGA and BET together
with the transient absorption analysis, N-TCN-700 is found to possess the highest

photocatalytic activity among N-TCN-x.

Table 3 Kinetic parameters of transient absorption decays

Sample N-TCN-500 N-TCN-700 N-TCN-1000 g-C3Ny

T (ps) 92+12(19%) 42+0.5(24%) 12.9+13(19%) 48.0 = 2.4 (30%)
Ta(ps)  77+8(28%)  78+7(25%) 106+ 11 (28%) 1384 + 116 (70%)

3(ps) 979+ 83(53%) 1098+ 103 (51%) 1201 + 137 (53%)
r 1.1x10* 12x10* 7.0x 107 12x10*

“The y* term is used to estimate the reliability of the fitting model and the experimental

data; the fit is good if ¥* is minimized.
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4. Conclusion

In summary, a facile one-pot impregnated method was explored here to synthesize
products gradually varying from N-TiO, to N-TCN-x by mixing and calcining TiO,
hollow nanospheres with cyanamide. Due to the mesoporous structure of TiO,, g-C3Ny4
is formed both inside and outside of nanospheres. In addition, formation of g-C3Ny4
outside of TiO, small grains (3 nm) restrains their recrystallization to large particles (20

nm). Among series of N-TCN-x, N-TCN-700 exhibited the best activity with H,

evolution of 388 pmol g h™ under visible light irradiation (A = 420 nm) without any

co-catalyst. Electrochemical and spectroscopic measurements were performed to
clarify the type II band alignment for favorable charge transfer between g-C,N, and N-
Ti0.. Charge carrier lifetimes of N-TCN-x were measured by femtosecond time-
resolved diffused reflectance spectroscopy to indicate that photogenerated electrons in
CB of g-C.N. transfers to that of N-TiO. within several to tens picoseconds, leading to
efficient charge separation and photocatalytic activity. We believe that the design and
synthesis of well-contact multicomponent heterostructures as photoresponsible

materials have great potentials for clean energy applications.
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Chapter 3. Efficient Charge Separation and Increased Active
Sites for Semiconductor/MoS, Hybrids with Enhanced

Photocatalytic Activity

Up to now, the photocatalytic reactions research using semiconductors have been
studied and a lot of achievements have been developed, however, there are still some
main key points waiting to be resolved such as the low photocatalytic efficiency. For
this, two aspects have to be considered. The one is the fast recombination of
photoexcited electron-hole pairs at surface or in volume during their migration process,
and another is that most semiconductor photocatalysts cannot offer active sites for
catalytic reactions at the surface. In order to resolve these problems, loading co-catalyst
is the commonly used method. Traditionally, metal, in particular, noble metal such as
Pt and ruthenium are widely used to decorate the surface of semiconductors as co-
catlysts. This is due to the fact that noble metals usually have larger work function,
which can easily trap the photoexcited elections to retard their recombination with holes.
In addition, calculation results show that it is a necessary, but not sufficient, criterion
for a material to be a good catalyst that the adsorbed H is close to that of the reactant
or product (i.e., AGy = 0) . Therefore, Pt is chosen to be the best candidate.
Nevertheless, noble metals are rare and too expensive for large-scale applications and
their stability is also a big challenge. Therefore, exploring and identifying cheaper and
recyclable alternatives to noble metal co-catalysts will greatly enhance the development
of photocatalysis.

Among these alternatives, MoS, is regarded as a promising one, which belong to the
class of transition metal dichalcogenides with the layered structures. The S-Mo-S
sandwich-like structure is considered as a monolayer of MoS,, which is stacked by
weak van der Waals interactions. Density functional theory (DFT) calculations found
that the computational free energy of atomic hydrogen bonding to the MoS; edge was
close to that of the Pt, and both of them approached to zero. Additionally, the sulfur
atom bounded to hydrogen is 2-fold coordinated to Mo atoms. However, there is rarely

reports on the investigations of structure and shape influences on the photocatalytic
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hydrogen evolution performance of MoS, co-catalyst and the detailed electron transfer

kinetics between semiconductors and MoS,, which are the main points in this chapter.

Part 3-1. Faster Electron Injection and More Active Sites for Efficient

Photocatalytic H, Evolution in g-C;N,/MoS, Hybrid

1. Introduction

Increased environmental crisis and energy drought have promoted the development
of new technologies to harvest energy from solar light." Therefore, a large amount of
efforts has been devoted to nanostructured semiconductors as building blocks for next-
generation energy conversion devices, such as photocatalysts.”* Unfortunately, it is still
difficult to develop a high-efficiency material for photocatalysis only by using a single
semiconductor due to the fast recombination of electron-hole pairs along their
migration process and therefore, retardation of recombination process becomes
impendent. Incorporating co-catalysts is one of widely used strategies because they
could not only provide active sites, but also separate electron-hole pairs rapidly before
these charges relaxing to their lower energy states.”” In addition, the development of
materials for enhancing photocatalytic activity also provides new information on
photophysical properties that improve efficiency, thereby guiding improvements in
materials synthesis and processing.

Recently, many reports indicated that two-dimensional MoS, nanosheets could work
as an effective co-catalyst for water splitting hydrogen generation and even become a
promising alternative to noble-metal co-catalysts.*'’ Similar to graphene, current
researches were mostly confined to a few or monolayered MoS,, because their bandgap
is expanded due to the quantum confinement effect and increased number of

unsaturated sulfur atoms useful for adsorption of protons.'

However, the activity of
MoS; with nanodot structure is rarely studied."” In addition, even though the electron
transfer between semiconductors and MoS, with monolayer (or several layer) structure

has been explored,'”'® a systematic study on the shape, structure, and deposition route

of the MoS; co-catalyst is still required to characterize the photoinduced electron
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injection kinetics and detailed mechanisms for photocatalytic hydrogen evolution.

For the semiconductor/co-catalyst hybrids, single-particle photoluminescence
spectroscopy (SPS) and femtosecond time-resolved transient absorption (fs-TAS) play
significant roles in understanding fundamental photophysical processes and how charge
transfer dictates photoactivities. SPS is often used to measure the structural,
photochemical characters and radiative recombinations owing to its high sensitivity,

- . . 17-19
non-destructive character, and spatial resolution.'”

Importantly, this measurement
allows us to monitor the properties of individual nanostructure. fs-TAS enables direct
observation of the dynamics of charge carrier and non-radiative recombination process

. : : 20,21
in picosecond time scale.”™

In addition, it also helps us to explore the fundamental
reasons for the photocatalytic activity.”*' Therefore, such SPS and fs-TAS are used as
complementary measurements for probing and observing both radiative and non-
radiative recombination processes.**>*

In the present study, MoS; nanodots have been successfully loaded on the surface of
g-C3Ny via an adsorption-in situ photodeposition method. It was found that the
photocatalytic activity of g-C3;N4 could be greatly enhanced after loading MoS,
nanodots, even in the comparison with that of monolayer MoS, modified g-C;N4. Based
on the results of SPS and fs-TAS measurements, electron transfer dynamics, injection
rate, and injection efficiency of these two g-C3N4/MoS, hybrids were explored. Proper
explanations were proposed to account for the improved photocatalytic hydrogen
evolution activity of various photocatalytic materials. To the best of our knowledge,
this is the first detailed report on the differences in the catalytic activity of monolayer

and nanodot MoS,, and would be a stepping stone for designing proper co-catalyst

structure and deposition method for high activity.
2. Experimental Section

Preparation of g-C3N, The g-C3Ny4 was prepared by a two-step calcination method.
First, 5 g melamine powder was put into an alumina crucible with a cover and heated
to 773 K at a heating rate of 2 K min™' and kept for 2 h, then to 793 K and kept for

another 2 h. The resulted product was collected and grounded into powder. Secondly,
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the as-prepared g-Cs;N4 was further calcined under 793 K in an open system for 6 h at
a heating rate of 2 K min™. The light yellow powder was the final g-C3N, we used in
this paper.

Preparation of g-C3Ny/MoS>. The g-C;N4/MoS;-nanodot composites were synthesized
by a one-step photodeposition method according to previous work with minor
modification. (NH4)MoS,4 was used as MoS, precursor. Typically, 20 mg g-C3sN4 was
dissolved into (8000-F) uL DI water and 2000 pL lactic acid mixture. Then V pL, 1
mg/mL (NH4)MoS, water solution was added into the mixture. The solution was
irradiated under 365 nm light with the deaerating with N, for 1 h. The products were
centrifuged and washed by water and ethanol three times and dried under 60 °C. The
volume of (NH4)>MoS, solution varied from 300, 500, 1000, to 1500 pL. The resultants
were named as MC-X (X = 0.96%, 1.6%, 3.2%, and 4.8%), where X referred to the
weight percent of the loaded MoS,.

The g-CsN4/MoS,-monolayer composites were synthesized by a two-step mixing
method. Monolayer MoS, was achieved by ultrasonic bulk MoS, for 4 h and
centrifugation. Then different volumes of MoS; solution (1.6 mg/mL) were added into
0.5 mL g-CsNy4 ethanol suspension (10 mg/mL). The volume of MoS, solution
increased from 50, 100, 200, to 300 pL. The mixture was heated under 60 °C with
stirring. The products named as Mix-Y (Y = 1.6%, 3.2%, 6.4%, and 9.6%) were
collected after drying and Y referred to the weight percent of the loaded MoS;.
Photocatalytic H, evolution. 3 mg sample were dispersed in 5 mL aqueous solution
containing 20 vol% lactic acid for H, evolution. Prior to the irradiation, the suspension
of the catalyst was dispersed by using an ultrasonic bath, and then bubbled with argon
through the reactor for 30 min to completely remove the dissolved oxygen and ensure
the reactor was in an anaerobic condition. The samples were irradiated at different
wavelengths using a Xenon lamp for H, generation (Asahi Spectra, HAL-320; 350 mW
cm™). The reaction temperature was kept at about 293 K. The visible light was filtered
with a nominal 400 nm cutoff filter. The volume of H, was measured by using a
Shimadzu GC-8A gas chromatograph equipped with an MS-5A column and a thermal
conductivity detector. The catalytic stability was evaluated by isolating, washing and
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reusing the catalyst in a cycling experiment. The apparent quantum efficiency (AQE)

was calculated using the following equation,”

AQE (%) = Number of evolved H, molecules x 2 100%
o) Number of incident photons 8 >

Photoelectrochemical measurements. Electrochemical and photoelectrochemical
measurements were performed in three-electrode quartz cells. A platinum wire was
used as the counter electrode, and a Ag/AgCl electrode was used as the reference
electrode. For loading sample film electrodes on glassy carbon, 4 mg of sample was
added into solution containing H,O and CH3CH,OH with volume ratio of 1:1. Then 50
pL Nafion was added into the solution. After ultrasonication for 10 min, 3 pL solution
was took out and drop on the surface of glassy carbon. The electrode was used for
photoelectrochemical measurements after drying. 0.1 M Na,SO4 aqueous solution was
used as the electrolyte. Electrochemical impedance spectroscopy (EIS) was carried out
under visible light irradiation. The Xenon lamp (550 mW cm™) was utilized as the light
source in the photoelectrochemical measurements and the visible light was filtered with
nominal 400 nm cutoff filter.

Single-particle PL measurements by confocal microscopy. Sample preparation for
single-particle photoluminescence (PL) experiments: The cover glasses were purchased
from DAICO MFG CO., Ltd. and cleaned by sonication in a 20% detergent solution
(As One, Cleanace) for 7 h, followed by repeated washing with warm water 5 times.
The well-dispersed aqueous suspensions of samples (g-C3N4, MC-3.2%, and Mix-6.4%)
were spin-coated on the cleaned cover glass. The cover glass was annealed at 60 °C for
1 h to immobilize the particles on the surface.

Single-particle PL images and emission spectra of samples were recorded by using
an objective scanning confocal microscope system (PicoQuant, MicroTime 200)
coupled with an Olympus, UplanSApochromat, 100%, 1.4 NA) and a circular-polarized
405 nm pulse wave laser controlled by a PDL-800B driver (PicoQuant). Typical
excitation powers for the PL measurements were 120nW/cm™ at the sample. The
emission from the sample was collected by the same objective and detected by a single

photon avalanche photodiode (Micro Photon Devices, PDM 50 CT) through a dichroic
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beam splitter (Chroma, 405rdc) and a long pass filter (Chroma, HQ430CP). All the
experimental data were obtained at room temperature.

Time-resolved diffuse reflectance transient absorption measurements. The
femtosecond diffuse reflectance transient absorption spectra were measured by the
pump and probe method using a regeneratively amplified titanium sapphire laser
(Spectra-Physics, Spitfire Pro F, 1kHz) pumped by a Nd:YLF laser (Spectra-Physics,
Empower 15). The seed pulse was generated by a titanium sapphire laser (Spectra-
Physics, Mai Tai VFSJW; fwhm 80 fs). Second harmonic oscillation of the output (400
nm, 4 pJ pulse) was used as the excitation pulse. A white light continuum pulse, which
was generated by focusing the residual of the fundamental light on a sapphire crystal
after the computer controlled optical delay, was divided into two parts and used as the
probe and the reference lights, of which the latter was used to compensate the laser
fluctuation. Both probe and reference lights were directed to the sample powder coated
on the glass substrate, and the reflected lights were detected by a linear InGaAs array
detector equipped with the polychromator (Solar, MS3504). All measurements were
carried out at room temperature.

Characterization of materials. The samples were characterized using X-ray diffraction
(XRD, Rigaku Rint-2500, CuKasource), and HRTEM (JEOL JEM 3000F, operated at
300kV). The steady-state UV-visible absorption and diffuse reflectance spectra were
measured by UV-visible-NIR spectrophotometers (Shimadzu UV-3100 and Jasco V-
570, respectively) at room temperature. The XPS measurements were performed with

the PHI X-tool SULVAC-PHI.
3. Results and Discussion

As illustrated in Figure 1A, g-C3N4/MoS;-nanodot hybrid was fabricated by single step
in situ photodeposition. Based on the volume of (NH4):MoS4 solution, g-C3N4/MoS,-
nanodot samples were named as MC-X. While synthesizing g-C;N4/MoS;-monolayer
involved two steps, that is, ultrasonic assisted exfoliation of bulk MoS; into monolayer
MoS; and then assembling with g-C3N4 through sonication, stirring and drying without

any surface functionalization or adhesion agents. The samples were labeled as Mix-Y
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on the basis of the volume of monolayer MoS; solution added in the mixture.
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Figure 1 (A) Schematic illustration of synthesizing g-C;N4/MoS;-nanodot and g-
CsN4/MoS;-monolayer hybrids. (B) TEM image of MC-3.2%. (C) HRTEM image of
MoS; nanodot. (D) TEM image of exfoliated MoS,, the inset shows the SAED pattern
of MoS; monolayer plane. (E) TEM image of Mix-6.4% composite.

Morphology and microstructure of the as-prepared samples were characterized by
transmission electron microscopy (TEM). After photodeposition of MoS; nanodots, the
morphology and structure of g-C3N4 show no change (Figures 1B). In addition, MoS,
nanodots smaller than 10 nm deposited on the surface of g-CsNy are observed clearly.
High resolution TEM (HRTEM) image of individual MoS, nanodot is given in Figure
1C, showing a typical lattice fringes with a spacing of 0.27 nm which can be assigned
to the (100) planes of MoS,.”® Figure 1D shows that the ultrasonic exfoliated MoS,
moieties are nearly transparent sheets and the SAED pattern also indicates hexagonal
symmetry of the atomic arrangement. According to atomic force microscopy (AFM)
resutls, the size and thickness of MoS, layer are found to be 100 ~ 200 nm and ~ 0.80
nm, respectively, corresponding to the monolayer structure (Figure 2). HRTEM image
of Mix-6.4% is shown in Figure 1E and a typical layer MoS, with an interlayer distance
of 0.62 nm, corresponding to the (002) planes of MoS,, could be observed, indicating
that MoS; still kept monolayer after combining with g-C;Ny.
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Figure 2 AFM image of MoS,. The inset image is photograph of exfoliated MoS,
solution.

In addition, elemental mapping analysis of MC-3.2% in Figure 3 clear demonstrates

that MoS, nanodots are decorated on the surface of g-CsN4 homogeneously.

Figure 3 TEM image (A) and elemental mapping of N (B), Mo (C), and S (D) of MC-
3.2%.

Texture properties of samples were characterized by FT-IR and XRD as shown in
Figure 4. As expected, g-C3N4, MC-3.2%, and Mix-6.4% samples displayed similar FT-

IR spectra due to low content of MoS,, which also indicated that the structure of g-
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C;3N4 was not changed after modifying with MoS,. Typical vibration bands in the range
from 1000 to 2000 cm™" are assigned to the C=N and C-N stretching vibration modes,
and the sharp peak at 808 cm™' is ascribed to the breathing vibration of triazine units.”’
Similar to the results of FT-IR, XRD patterns also only exhibited the characteristic
peaks of g-Cs;N4, and MoS, peaks could not be observed. The peak located at 27.4°
corresponds to the (002) stacking layered structure while the 12.9° peak is attributed to
the (100) in-plane repeated units.*® Interestingly, it is found that the characteristic peak
at 27.4° in the XRD pattern slightly shifted to a larger value in MC-3.2%, while there
was no shift in Mix-6.4%, indicating a stronger interaction between g-C3;N4 and MoS,

in MC-3.2% than that in Mix-6.4%.%’
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Figure 4 FT-IR spectra and XRD patterns of g-C3;N4, MC-1000, and Mix-200.

X-ray photoelectron spectroscopy (XPS) measurement was carried out to further
confirm the photodeposition of MoS, on g-Cs;Ny surface. Figure 5A displays the high-
resolution XPS spectrum of C 1s, which exhibits two peaks at 284.8 and 288.2 eV in
MC-1000 and can be assigned to C-C and N-C=N of g-C3N,, respectively.”’ In the N
Is XPS spectrum (Figure 5B), peaks at 398.3, 398.9, and 400.4 eV in MC-1000 are
assigned to C=N-C, N-(C)3, and C-N-H, respectively.”’ The peak centered at 404.4 eV
is also observed by other group, however, the assignment is not fully understood.*
Comparing to pristine g-C3Ny, the peak positions of C 1s and N 1s in MC-3.2% sample
are shifted to higher binding energy by approximately 0.6 eV, indicating an obvious

31,32

interaction between photodeposited MoS; nanodots and g-C3Ny4.” ~°“ However, the peak

positions of these two elements in Mix-200 show no shift. The Mo 3d XPS spectrum
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of MC-1000 gives two peaks centered at 229.4 and 232.6 eV (Figure 5C), which could
be the Mo 3ds;; and Mo 3dj,, respectively, demonstrating that Mo is in the +4 valence

state. >

This result again confirms that Mo®" in (NH4),MoS, is successfully reduced
to Mo*" during the photoirradiation reduction process. The characteristic peaks of S 2s,
2p1, and 2p;3; orbitals for S* are observed at 226.7, 162.9, and 161.9 eV in MC-3.2%,

respectively (Figure 5D).>*

By comparing with pure MoS,, it is also illustrated that
the peak positions of molybdenum and sulfur in MC-3.2% exhibit a distinct shift while
those in Mix-6.4% almost show no change. It has been reported that there are several
kinds of S-bonding configurations existing in the molybdenum sulfide materials,
including one kind of saturated basal-plane S atom and unsaturated terminal S atom.*®>’
In Figure 5D, two peaks located at 161.9 and 162.9 eV correspond to saturated basal-
plane S atom and unsaturated terminal S atom, respectively.’® According to the XPS
fitting results, the atomic ratio between unsaturated S atom and saturated S atom in
Mix-6.4% and MC-3.2% is 1:3.5 and 2.4:1, respectively. Considering that the weight
ratio of MoS, in Mix-6.4% and MC-3.2%, this increased ratio of terminal S atom and
basal S atom from MoS, monolayer to nanodot indicates more unsaturated S atoms in
MC-3.2%. By comparing with pure MoS,, it is also illustrated that the peak positions
of molybdenum in MC-3.2% exhibit an obvious shift, while those in Mix-6.4% have a
slightly change. In addition, the atomic ratios of N:Mo in MC-3.2% and Mix-6.4% are
calculated corresponding to 109:1 and 54:1, respectively. These results indicate that the
amount of MoS, in Mix-6.4% is larger than that in MC-3.2%. Based on these XPS

analysis, a stronger interaction between MoS; nanodot and g-C;Ny is realized at the

interface and more active unsaturated S atoms appear in MoS, nanodot.
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Figure 5 XPS spectra of C 1s (A), N 1s (B), Mo 3d (C), and S 2p (D) in MC-3.2%,
Mix-6.4%, pure g-Cs;N4, and pure MoS,.

Optical properties of pure g-C3Ny4, MC-X, and Mix-6.4% samples were examined by
UV-vis absorbance spectra as shown in Figure 6A. Pure g-C3Ny displays an absorption
edge around 420 nm corresponding to the intrinsic absorption of g-C3N4 (approximately
2.95 eV). Photodeposition of MoS; has great influence on the optical property of
samples. With increasing amount of MoS,, light absorption in the range of 450-800 nm
is gradually enhanced, probably because of the increased background absorption due to
black or grey colored MoS, nanodots.”” In contrast, the absorption spectrum of Mix-
6.4% shows significant difference compared with that of MC-X. In addition to the
absorption edge of g-C3Ny, a small absorption edge of MoS, appears at approximately
700 nm and two weak absorption peaks between 600 and 700 nm corresponding to
octahedral phase MoS; can also be observed.”” All the spectra demonstrate that the

bandgap of g-C3N4 has no big change after hybridization with MoS,.
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Figure 6 Diffuse-reflectance spectroscopy of g-C;Ni, MC-X, and Mix-6.4% (A).
Comparison of photocatalytic H, evolution activities of different MC-X samples (B)
and Mix-Y (C). Stability test of MC-3.2% photocatalyst (D).

Photocatalytic hydrogen evolution activities of the samples were examined under
visible light irradiation (A > 400 nm) by using lactic acid as a sacrificial electron donor.
Control experiments indicated that there is no appreciable H, production in the absence
of photocatalysts or light irradiation. Figure 6B shows the average H, production rate
of pure g-C3N4 and MC-X samples. For bare g-C3Ny, the H, production rate is extremely
low because of deep electron trapping by non-radiative process and these deeply
trapped electrons cannot transfer to catalytic sites and are unable to participate in Hj
production. However, after photodeposition of MoS, nanodots, the evolution rate is
greatly enhanced and the largest rate as high as 660 umol g h' is attained by using
MC-3.2% as photocatalyst. On the contrary, even though monolayer MoS; is widely
used as a co-catalyst to increase the performance of catalysts, the enhancement of H,
production rate here is far less than the hybrid with MoS, nanodots (83.8 pmol g™ h™!
for Mix-6.4% in Figure 6C). The average rate of MC-3.2% is 7.9 times higher than that
of Mix-6.4%. In addition, the apparent quantum efficiency was estimated to be 5.67%
and 0.64% for MC-3.2% and Mix-6.4% respectively, at A =400 £ 5 nm. Based on the
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same g-C3;Nj basement, this much higher H, evolution production rate of MC-3.2%
compared to Mix-6.4% may be partially due to the faster and more efficient electron
transfer during the light irradiation. The H, production rate of MC-3.2% after 3 cycles
shows negligible decrease (Figure 6D) and the elemental mapping of MC-3.2% after 3
cycles also indicats that MoS, nanodots are still anchored on the surface of g-C3Ny
(Figure 7), which is resulted from the good stability of inherent structure for g-C;Ny

and MoS; small particles.

Figure 7 TEM image (A) and elemental mapping of N (B), Mo (C), and S (D) of MC-
3.2% after three cycles.

The interfacial charge transfer properties between g-CsN4 and MoS, (nanodot or
monolayer) were evaluated by a set of photoelectrochmical studies. Electrochemical
impedance spectroscopy (EIS) is used to investigate the electrical conductivity of the
samples. As illustrated in Figure 8A, the decrease of arc radius of MC-3.2% compared
to that of g-C3;N4 and Mix-6.4% suggests a smaller charge transfer resistance. Therefore,
in MC-3.2%, the photoinduced electron-hole pairs can be separated more easily. This
conclusion could also be confirmed by transient photocurrent (/-f) curves recorded for

several on-off cycles of intermittent irradiation (Figure 8B), which shows a much
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enhanced photocurrent of MC-3.2% over g-C3N4 and Mix-6.4%.
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Figure 8 Electrochemical impedance spectroscopy (EIS) Nyquist plots under visible
light irradiation (A > 400 nm) (A) and transient photocurrent density curves (B) for g-
C3Ny4 (a), Mix-6.4% (b), and MC-3.2% (c) in 0.1 M Na,SOy4 solution.

Even though photoelectrochemistry results suggest that the electron transfer
resistance is much smaller between g-C3;N4 and MoS; nanodots, it is necessary to clarify
the detailed mechanisms based on more straightforward proofs. Herein, we performed
single-particle confocal fluorescence spectroscopy measurements to monitor the
photoluminescence (PL) intensity of individual nanostructure. Firstly, all samples were
spin coated on a cover glass. Single-particle PL measurements were carried out under
405-nm laser pulse irradiation, which excited the g-CsN4 (Figure 9A). Figures 9B and
C show the typical PL images of MC-3.2% and Mix-6.4%, respectively. It is clear that
the PL intensity of g-C3;N4 decreases a lot after photodeposition of MoS; nanodots,
while the PL intensity of Mix-6.4% shows little decrease. In order to evaluate the
intensity of PL clearly, we randomly choose six points on each particle and measured
their emission intensities as indicated by points 1-6 in Figures 9D-E. Pure g-C3N4, MC-
3.2%, and Mix-6.4% showed an emission peak at approximately 460 nm,
corresponding to the recombination of photogenerated electron-hole pairs. All PL
spectra exhibit that the PL intensity of MC-3.2% is weaker than that of Mix-6.4%. The
average PL intensities of MC-3.2% and Mix-6.4% were reduced to 19.9 % and 74.8%
of pure g-C3Ny, respectively, indicating that MoS; nanodots possess higher quenching
efficiency. Generally, a stronger PL intensity represents a higher recombination rate of

photogenerated electron and hole in semiconductors.*
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Figure 9 Single particle PL images of g-C3N4 (A), MC-3.2% (B), and Mix-6.4% (C).
(D-I) Emission spectra observed at point 1 from A-C.

Apart from the emission spectra, time-resolved emission decay was also measured
and fitted as shown in Figure 10. Theoretically, the short lifetime component is ascribed
to surface-related nonradiative recombination processes (the trapping of electrons to
defects), and the long lifetime component is attributed to the recombination of free
excitons in g-C3Ny. Therefore, we conclude that nonradiative recombination is the more
dominant decay pathway in g-C3;N4 and MoS, loading substantially suppressed the
radiative charge recombination in g-C3N4 according to the fitting results. This kind of
quenching phenomenon clear shows the effective trapping of photogenerated electrons
by MoS; and indicates more efficient electron injection from g-C3;N4 to MoS; nanodots.
Therefore, MoS; loading substantially suppresses the radiative charge recombination

n g-C3N4.
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Figure 10 Typical emission decay profiles observed at g-C3;N4, MC-3.2%, and Mix-
6.4%, respectively. The fitted time constants and respective weighting factors are
compiled in the inset table.

Based on the above results and analysis, we conclude that photogenerated electrons
in g-C3N4 could transfer to MoS; nanodots easier, faster, and more efficient than to
MoS; monolayer under visible light irradiation. However, the time scale of electron
transfer dynamics, rate, and efficiency of carrier injection from g-C3;N4 to MoS; are still
unclear, which are significant and main influence factors of photocatalytic H,
production activity. Therefore, time-resolved diffuse reflectance (TDR) spectroscopy
was employed here to directly observe the kinetics of electron transfer and carrier
populations after bandgap excitation. TDR spectra of all samples were recorded at
different time delays after the excitation of samples by 400-nm laser pulse. The spectra
of all samples revealed a positive absorption feature in the wavelength range from 800
to 1200 nm (Figure 11A-C), assigned to trapped and free (or shallowly trapped)
photogenerated electrons in g-C3Ny, respectively, according to the previous studies.***’
Transient absorption intensity of all samples reached highest immediately after laser
flash (within ~ 2 ps) and then decayed gradually. At 60 ps after excitation, the
absorbance intensity at 950 nm of the hybrids with MoS, nanodot and monolayer
showed 36.6% and 29.5% decrease, respectively, which was significantly enhanced
when compared with pure g-C3N4 (18.0%). This faster intensity decrease observed with

MC-3.2% and Mix-6.4% indicats the accelerated electron decay kinetics.
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Figure 11 Time-resolved diffuse reflectance spectra of g-CsNy4 (A), MC-3.2% (B), and
Mix-6.4% (C). (D) Time profiles of normalized transient absorption at 950 nm for g-
C3Ny, MC-3.2%, and Mix-6.4% after 400-nm laser pulse irradiation.

Representative decay traces transient absorption at 950 nm are illustrated in Figure

t

11D and were fitted by a multiexponential function: A4d= A4y + Y; Aie(_T_i), where 4
and 7 refer the amplitudes and lifetimes, respectively.*' The smallest number of decay
lifetimes, 1;, which resulted in the minimum Xz) was used for each fit.** Kinetic
parameters for these three samples are listed in Table 1. For pure g-Cs;Ni, a
biexponential decay function was used and time constants were evaluated to be 1, =
36.5 £ 2.6 ps and 1, = 687 £ 86 ps, which corresponded to electron trapping at defect
states and the charge carries recombination process, respectively.”® In contrast, the
decay curves of g-C3;N4/MoS, hybrids were fitted by a triexponential function,
suggesting that an additional electron decay process exists. This extra decay time was
extremely short (t,=1.7 —4.0 ps), attributing to the interfacial electron transfter between
g-C3N, and MoS,.” The time constant of several tens picoseconds (t,=28.8 - 40.5 ps)
corresponds to the electrons injection from g-C3;Ny4 into MoS; with a long distance or
the trapped electrons at defect sites of g-C3Ny.'"*’ The further long-lived component,
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13, is attributed to the slow recombination of electron-hole pairs.** The average lifetime,

YiAiti 45
Nid;

lifetimes of g-C3;N4/MoS; hybrids were 122 ps (MC-3.2%) and 293 ps (Mix-6.4%)

Tave, Was also calculated according to the equation: <tu.> = The average

which was shorter than that of g-CsN4 (459 ps). In common, the shorter the average
lifetime means more rapid the interfacial electron transfer.** Therefore, this calculated
result clearly demonstrated that the electron is injected from g-CsN4 to MoS, nanodots

within a shorter time scale.

Table 1 Exponential curve fitted parameters of transient absorption decay for g-C3Na,

MC-3.2%, and Mix-6.4%.

Sample A, A, Az T4 (ps) T, (ps) T3 (ps) Tave (PS)  kpr (10°s7)  Mij (%) X2

g-C;N, 0.454 0.351 - 36.5+2.60 687 +86.2 - 459 - - 0.994
MC-3.2% 0.307 0.196 0.395 1.70+0.70 22.8+590 273+32.8 122 5.96 73.3 0.991
Mix-6.4% 0.144 0.241 0.360 4.00£0.90 40.5+6.50 578+ 111 293 1.23 36.1 0.996

From the average lifetimes of g-C3;N4, MC-3.2%, and Mix-6.4%, we determined the

.. . . 1 1 24
injection rate using the formula: kgt = T GNUMOS)  TeG G We found

that the kgp of Mix-6.4% is 1.23 x 10° s, while 5.96 x 10° s for MC-3.2%, which

is 4.8 times faster. In addition, as a more important prameter for photocatalytic activity,
the efficiency of electron injection (nim.) into MoS, (nanodot or monolayer) was

: —C3N4/MoS . o
acquired as n. . =1— Tave(8=CaNa/MOS9) 24 (o istent with injection rate, MC-3.2%

inj — Tave(g—C3Ny)

sample showed a higher injection efficiency (73.3%) than Mix-6.4% (36.1%).

Considering that the loading amount of MoS, in MC-3.2% is much lower than that in
Mix-6.4%, this result offered more straightforward and powerful evidence for the more
efficient transportation of photogenerated electrons between g-CsNs and MoS;
nanodots. The efficient electrons injection greatly increased their opportunities to take
part into the photocatalysis H, evolution reaction before electron-hole pairs

recombination. All of photoelectrochemical, single-particle fluorescence, and
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femtosecond time-resolved transient absorption results indicated a faster electrons
injection rate and higher electrons injection efficiency in MC-3.2% arising from the
stronger interaction between g-C3;N4 and MoS; nanodots, which account for its
significantly increased photocatalytic activity.

Apart from the electron injection from g-C3;N4 to MoS,, the amount of reactive sites
in co-catalysts is another key point that influences photocatalytic H, evolution activity
of semiconductors. In previous reports, the active sulfur atoms on the exposed edges of
MoS; increase not only its electrocatalytic activity, but also photocatalytic activity.***’
These unsaturated active sulfur atoms could strongly bind with H' in solution, which
are easily reduced to H, by electrons.” Because of the abundance of H' ions in lactic
acid solution, unsaturated active sulfur atoms on the exposed edges of MoS, more easily
capture H' ions, facilitating H, generation. Sulfur atoms on the basal plane with three-
coordination, however, have no activity. In order to prove this, methanol and
triethanolamine (TEOA) instead of lactic acid were also used as sacrificial reagents for
H, production and the results are shown in Figure 12. It shows that H, production rate
decreased a lot applying methanol and TEOA compared with lactic acid, indicating that
adsorbing H' ions by unsaturated sulfur atoms plays a significant role when MoS; is
served as co-catalyst. According to XPS results, the ratio of terminal S atom and basal
S atom is increased from MoS, monolayer to nanodot, indicating more unsaturated S
atoms as reaction sites.>"*’ Thereby, MoS; nanodot here exhibits a higher active for H,

evolution as a co-catalyst because of the quantum-confinement effect.
800
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methanol TEOA Lactic acid
Figure 12 Comparison of photocatalytic H, evolution activities of MC-3.2% using
different sacrificial reagents.
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4. Conclusion

In summary, facile processes were developed to synthesize g-C;Ns-based hybrid
photocatalysts containing different structures of MoS, as co-catalyst, nanodot and
monolayer. Photocatalytic H, evolution activity showed that the H, evolution rate of
MC-3.2% is 660 pmol g h' under visible light irradiation, which is 7.9 times higher
than that of Mix-6.4% (83.8 pmol g h™"). Photoelectrochemistry and single-particle
fluorescence spectra demonstrated that the recombination of photoexcited electron-hole
pairs in MC-3.2% and Mix-6.4% samples was retarded due to the loading of MoS,.
Charge carrier dynamics of g-C3N4, MC-3.2%, and Mix-6.4% measured by
femtosecond time-resolved diffused reflectance spectroscopy indicated that the
electron injection rate was 5.96 x 10° s™ in MC-3.2% compared to 1.23 x 10’ s in
Mix-200 and the injection efficiencies were 73.3% and 36.1% in MC-3.2% and Mix-
6.4%, respectively. These results indicated faster and more efficient electron transfer
from g-C;N4 to MoS; nanodots, which might be attributed to the stronger interaction
between them. In addition, the small size of MoS, nanodots contain more unsaturated
active S atoms than MoS, monolayer, which could adsorb more H" ions. Therefore, this
photodeposited g-CsN4/MoS;-nanodot hybrid preformed great potential for

photocatalytic H, production under visible light irradiation.
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Part 3-2. Electron Transfer Dynamics of Quaternary Sulfur
Semiconductor/MoS, Layer-on-Layer for Efficient Visible-Light H,

Evolution

1. Introduction

Due to the massive combustion of fossil fuel, the shortage of fossil resources and
increased environment crisis begin to restrain further development of the society.
Conversion of water to H, utilizing solar energy by photocatalysts is of great potential,
which not only supplies green energy source for industrial but also shrinks the
generation of contaminative gases thus attracting enormous research interests
recently."” Since the visible light covers 42-43% of the solar light, most attentions are
now focused on the synthesis of efficient visible-light driven photocatalysts.>” In recent
years, quaternary oxide (or sulfide) semiconductors have become promising candidates
for photocatalysis reactions owing to their tunable band gap and considerable chemical
stabilities.” ' However, this kind of quaternary sulfide semiconductors have been
seldom used as solar-driven photocatalysts for H, evolution.

Similar to the ternary sulfide semiconductors, quaternary sulfide photocatalysts may
also suffer the shortcomings for H, evolution, such as fast recombination of

photogenerated electron-hole pairs and shortage of active sites.'""?

Recently, two-
dimensional MoS; nanosheet, composed of three stacked atom layers (S-Mo-S) held
together by van der Waals forces, has been extensively studied and attracted much

13-16 The calculation indicated that MoS, had a free

attentions toward H, evolution.
energy close to zero when it was worked as the catalyst for H, evolution, which is
almost the same as the case of Pt."” In addition, due to the unsaturated sulfur atoms on
exposed edges could serve as active sites for photocatalysis reaction, MoS, is believed
to be a promising and low-cost candidate co-catalyst instead of Pt.'’

Femtosecond time-resolved transient absorption (fs-TAS) has been widely used to

deeply investigate the migration and recombination dynamics of photogenerated charge

carrier within picosecond time scale, and is employed here to help us explore the
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fundamental reasons for the enhancement of photocatalytic activity.'®>° It has been
reported that the conduction band (CB) level of the quaternary sulfur semiconductors
are tunable by changing the amount of new introducing element.® As is well known, the
photoreduction ability of a semiconductor is closely related with its CB position, and a
higher CB level provides a larger reduction diving force.”' Further functionalization of
the quaternary sulfur semiconductor with MoS; greatly enhances the charge separation
efficiency and thus improves its photocatalytic activity.

Herein, we report a photocatalytic H, evolution by ZnIn,S4-based quaternary sulfur
semiconductor, Zng4CagslnaSs (ZCIS) microspheres composed of cross-linked
nanosheets, combined with MoS; by hydrothermal process. Layer structured MoS,
were mostly deposited on the surface of ZCIS nanosheets to form a 2D-2D structure.
As expected, the photocatalytic activity of ZCIS was greatly enhanced under visible
light irradiation after loading MoS, compared with the bare one. According to the
results of photoelectrochemical spectroscopy and fs-TAS, charge separation and
electron injection dynamics, injection rate, and injection efficiency of the
photocatalysts were explored. Proper mechanisms were proposed to account for the
improved photocatalytic H, evolution activity of various photocatalytic materials. The
present results may inspire the exploration of low-cost efficient photocatalysts for water

splitting.
2. Experimental Section

Preparation of ZCIS and ZM-X. ZCIS was prepared by a hydrothermal process
according to previous work.® ZnCl, (27 mg), Ca(NO;),-4H,0 (71 mg), InCl3-4H,0 (293
mg), and thioacetamide (TAA 150 mg) were dissolved in 25 mL deionized water and 5
mL of glycol. After stirring for about 30 min at room temperature, the resulting
heterogeneous solution was transferred into a 50 mL Teflon-lined stainless steel
autoclave and maintained at 120 °C for 12 h in an oven. The products were collected
by centrifugation and dried at 60 °C oven. For synthesis of ZM-X (X=0.6, 1.8, 3.0, 4.2,
and 6.0, representing the weight percentage of MoS;), different amount of (NH4),MoS4

and 100 mg ZCIS were added to 12.5 mL DMF and then stirred for 30 min under room
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temperature. Then the homogeneous solution was transferred to a 50 mL Teflon-lined
autoclave and maintained at 200 °C for 10 h. The products were collected by
centrifugation and dried. Pure MoS, was synthesized without adding ZCIS.
Photocatalytic H, evolution. 3 mg sample were dispersed in 5 mL aqueous solution
containing 20 vol% lactic acid for H, evolution. Prior to the irradiation, the catalyst was
dispersed using an ultrasonic bath, and then bubbled with argon through the reactor for
30 min to completely remove the dissolved oxygen and ensure the reactor was in an
anaerobic condition. The samples were irradiated at different wavelengths using a
Xenon lamp for H, evolution (Asahi Spectra, HAL-320; 300 mW cm™). The reaction
temperature was kept at about 293 K. The visible light was filtered with a nominal 420
nm cutoff filter. The volume of H, was measured by using a Shimadzu GC-8A gas
chromatograph equipped with an MS-5A column and a thermal conductivity detector.
The catalytic stability was evaluated by isolating, washing and reusing the catalyst in a
cycling experiment. The apparent quantum efficiency (AQE) was calculated using the
following equation,”

AQE (%) = Number of evolved H, molecules x 2 100%
o Number of incident photons 8 >

Photoelectrochemical measurements. Electrochemical and photoelectrochemical
measurements were performed in a three-electrode quartz cell. A Platinum wire was
used as the counter electrode, and an Ag/AgCl electrode was used as the reference
electrodes. For loading sample on a glassy carbon electrode, 4 mg sample was added
into solution containing H,O and CH3CH,OH with volume ratio of 1:1. Then 50 pL
Nafion was added into the solution. After ultrasonic for 10 min, 3 pL solution was took
out and drop on the surface of glassy carbon. The electrode was used for
photoelectrochemical measurements after drying. 0.1 M Na,SO4 aqueous solution was
used as the electrolyte. Electrochemical impedance spectroscopy (EIS) was carried out
under visible light irradiation. A Xenon lamp was utilized as the light source in the
photoelectrochemical measurements with the intensity of 300 mW ¢cm™ and the visible
light was filtered with nominal 420 nm cutoff filter. The potential (vs. Ag/AgCl) was

converted to the reversible hydrogen electrode (RHE) according to the Nernst equation:

73



Eryr = E + 0.05916pH + E,

where Egryp is the potential vs. RHE, Ey=0.1976 V at 25°C, and E is the measured
potential vs. Ag/AgCL

Time-resolved diffuse reflectance measurements. The femtosecond diffuse reflectance
spectra were measured by the pump and probe method using a regeneratively amplified
titanium sapphire laser (Spectra-Physics, Spitfire Pro F, 1kHz) pumped by a Nd:YLF
laser (Spectra-Physics, Empower 15). The output of an optical parametric amplifier
(420 nm, 4 pJ pulse™) was used as the excitation pulse. A white light continuum pulse,
which was generated by focusing the residual of the fundamental light on a sapphire
crystal, was directed to the sample powder coated on the glass substrate, and the
reflected lights were detected by a linear InGaAs array detector equipped with the
polychromator (Solar, MS3504). All measurements were carried out at room
temperature.

Characterization of materials. The samples were characterized using X-ray diffraction
(XRD, Rigaku Rint-2500, CuKa source), and HRTEM (JEOL JEM 3000F, operated at
300kV). The steady-state UV-visible absorption and diffuse reflectance spectra were
measured by UV-visible-NIR spectrophotometers (Shimadzu UV-3100 and Jasco V-
570) at room temperature. XPS measurements were performed with a PHI X-tool

SULVAC-PHI.
3. Results and Discussion

Crystal structure of the synthesized samples was first examined by X-ray diffraction
(XRD). The patterns shown in Figure 1 demonstrate that the main peaks located at 21.2,
27.3,30.5, 47.0, 52.2, 55.4, and 75.9° are consistent with previous reports, indicating
the successful synthesis of Zng4Cag¢lnaSs (ZCIS).® No other characteristic peaks are
found, evidencing the high purity of ZCIS. Because of small loading amount, the peaks

of MoS; could not be observed in ZM-X samples.
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In addition, HRTEM and elemental mapping were further used to prove the
formation of ZCIS (Figure 2). As revealed by HRTEM images, ZCIS exhibits a flower-
like microsphere morphology made up by cross-linked nanosheets and the lattice fringe
with intervals of 0.330 nm is assigned to (110) plane. Elemental mapping suggests that
Zn, Ca, In, and S elements have a highly homogeneous distribution throughout ZCIS

microsphere.

Figure 2 HRTEM images of ZCIS (A-C) and elemental mapping of Ca (D), In (E), S
(F), and Zn (G) of ZCIS.
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The morphology and structure of as-prepared samples were characterized by SEM
and HRTEM. SEM image of ZCIS in Figure 3A shows the homogeneously distributed
microsphere morphology with the size in the range of 4-8 um. ZM-X samples still kept
a microsphere morphology after hydrothermal treatment for synthesizing MoS, and
size was similar to pure ZCIS after loading MoS,. It is clearly shown that no MoS;
could be observed due to the limited loading amount of MoS, (less than 3.0 wt%). MoS,
aggregated nanoflowers start to appear, however, if further increasing the amount, as
shown in the red circles in Figures 3E and F, which is similar to pure MoS, without

adding ZCIS precursors.

£ .
o Nk, A
Figure 3 SEM image of pure ZCIS (A), ZM-0.6 (B), ZM-1.8 (C), ZM-3.0 (D), ZM-4.2
(E), and ZM-6.0 (F). The scale bar is 1 pm.

HRTEM image in Figure 4 presents detailed crystal information of ZM-3.0. The
lattice fringes with a distance of 0.330 nm corresponds to the (110) plane of ZCIS,
implying a preserved crystal structure after second hydrothermal process. Short-range
lattice fringes with distance of 0.62 nm are also observed, which is consistent with the
d-spacing of (002) planes of MoS,."* Therefore, it is confirmed that ZCIS and MoS,
closely contact with each other to form a 2D-2D interface which favors the

transportation of photogenerated charges.
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Figure 5 XPS spectra of Zn 2p (A), In 3d (B), Mo 3d (C), and S 2p (D) in ZCIS, ZM-

3.0, and pure MoS..

XPS measurements were carried out in order to identify the compositions and surface

chemical states of representative elements in ZCIS and ZM-X. Two peaks at 1045.3 and
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1022.4 eV in Zn 2p high resolution XPS spectrum for ZCIS (Figure 5A) correspond to
to Zn>" 2p,, and 2ps.,, respectively. In the XPS spectrum for In 3d of ZCIS (Figure 5B),
peaks at 453.1 and 445.5 eV are assigned to In 3d3, and In 3ds;, respectively.
Interestingly, the peak positions of Zn 2p and In 3d in ZM-3.0 sample shift to lower
binding energies by approximately 0.3 and 0.7 eV compared with pure ZCIS,
respectively. Mo 3d XPS spectrum of ZM-3.0 shows two peaks centered at 228.7 and
232.0 eV (Figure 5C), assigning to Mo 3ds,; and Mo 3dj,, respectively, indicating that
Mo is in the +4 valence state. In contrast with the peak shift of Zn 2p and In 3d, the
peak positions of Mo 3d in ZM-3.0 move to higher binding energy (about 0.5 eV). This
peak shift toward lower binding energy, suggesting a strong interaction between MoS,
and ZCIS, is ascribed to the increase of electron concentration with enhanced electron
screening effect caused by the formation of ZCIS/MoS; junction. The binding energies
of S* 2py/, and 2p3); orbitals for ZCIS are 162.6 and 161.5 eV, and those for MoS, are

162.7 and 161.7 eV, respectively, which are in accordance with previous reported

8,22
results.
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Figure 6 (A) Diffuse-reflectance spectroscopy of ZCIS, ZM-X, and MoS,. (B) Optical
band gap energy estimation of ZCIS. (C) Mott-Schottky (M-S) plots of ZCIS.
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Optical absorption spectra of photocatalysts, playing a significant role for
photocatalytic performance of semiconductors, were measured by diffuse reflection
spectroscopy (DRS). DRS spectra for ZCIS and ZM-X depicted in Figure 6A exhibit
photoresponse in visible region. The optical absorption in longer wavelength region has
great change after combination with MoS,, while MoS, affects little on the absorption
edge of ZCIS. With increasing the loading amount of MoS,, light absorption in the
range of 600-1100 nm is gradually enhanced, probably due to the increased background

222 Particularly, all diffuse

absorption because of black colored MoS, nanosheets.
reflectance spectra show very steep change around 500-600 nm, indicating that the
visible-light absorption is attributed to a band transition instead of the transition from
impurity levels. The band gap energy of the sample was obtained according to the
equation of ahv = A(ahv — E4)", from solid solutions, where h, a, v, A, and E;
represent Planck’s constant, optical absorption coefficient, photon frequency, a constant,
and photonic energy band gap, respectively.** The band gap of ZCIS is estimated to be
2.28 eV (Figure 6B). In addition, the band energy position of ZCIS was further
determined. As shown in Figure 6C, the intersection point, corresponding to the flat-
band potential Ep, in the Mott-Schottky plots is independent of frequencies, and is
calculated to be -1.56 V vs. Ag/AgCl, i.e.,-1.36 V vs. normal hydrogen electrode (NHE).
The positive slop of Mott-Schottky curve indicates that ZCIS is n-type semiconductors
and its Ep, is about 0.1 V below the conduction band position (Ecg).” Therefore, the
Ecp position of ZCIS is -1.46 V and its valence band position (Eyg) is determined to be
0.82 V.

Photocatalytic H, evolution performances of the as-prepared samples were examined
under visible light irradiation (A > 420 nm) with the lactic acid as sacrificial agent.
Control experiments suggest that there is no appreciable H, generated in the absence of
photocatalysts or light irradiation. Figure 7A shows the average H, evolution rate of
ZCIS and ZM-X samples. Only a little amount of H; is formed from bare ZCIS (0.13
umol h™), which is probably due to the fast recombination of photogenerated electron-
hole pairs and lack of active sites for photocatalytic reaction. However, a large increase
in H, evolution rate is observed after combining with MoS,. The photocatalytic activity
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of ZM-X is enhanced with the increasing amount of MoS; from 0.6 to 3.0 wt% and the
ZM-3.0 sample exhibits the highest H, evolution rate (3.5 umol h™"), which is 27 times
higher than that of ZCIS. Further increasing the amount of MoS; (ZM-4.2 and ZM-6.0)
gives rise to slightly depressed activity but it is still superior to bare ZCIS. The apparent
quantum efficiency (AQE) was also estimated to be 0.26% and 8.26% for ZCIS and

ZM-3.0, respectively, under the wavelength of 420 £+ 5 nm light irradiation.
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Figure 7 Comparison of photocatalytic H, evolution activities of ZCIS and ZM-X
samples (A). Electrochemical impedance spectroscopy (EIS) Nyquist plots under
visible light irradiation (B) and transient photocurrent density curves (C) for ZCIS (a),
ZM-6.0 (b), ZM-0.6 (c), ZM-4.2 (d), ZM-1.8 (e), and ZM-3.0 (f) in 0.5 M Na,SO,
solution.

A series of photoelectrochemical studies were firstly measured in order to study the
interfacial charge transfer properties between ZCIS and MoS,. Electrochemical
impedance spectroscopy (EIS) was used to investigate the electrical conductivity of the
photocatalysts. In Figure 7B, ZM-3.0 presents a representative Nyquist plot with a
much smaller arc radius than that of other samples, suggesting that the charge transfer
resistance is remarkably decreased by introducing a certain amount of MoS,.*®

Therefore, the photoinduced electron-hole pairs could separate more efficiently. This
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conclusion is also supported by transient photocurrent (/-7) curves in Figure 7C, which
shows a much enhanced photocurrent of ZM-3.0 over other samples. It is known that
the photocurrent is mainly attributed to the diffusion of photogenerated electrons to the
back contact and meanwhile the photogenerated holes are compenstated by hole
acceptor in the electrolyte, the combination of ZCIS and MoS; is highly efficient in
promoting charge transfer and separation, and thus leads to a better photocatalytic

performance as ZM-3.0.>
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Figure 8 Time-resolved diffuse reflectance spectra of ZCIS (A), ZM-0.6 (B), ZM-1.8
(C), ZM-3.0 (D), ZM-4.2 (E), and ZM-6.0 (F).

Even though photoelectrochemistry results indicate that the electron transfer
resistance is greatly reduced after introduction of MoS,, it is still necessary to clarify
the insight mechanisms and determine the time scale of electron transfer dynamics
efficiency of carrier injection from ZCIS to MoS,, which are significant and main
factors for photocatalytic performance. Therefore, time-resolved diffuse reflectance
(TDR) spectroscopy, a powerful analytical tool for studying ultrafast processes in
photocatalysts under various conditions, was employed to directly observe the kinetics
of electron migration after the bandgap excitation. TDR spectra of all photocatalysts
were recorded at different time delays after the excitation of samples by 420-nm pulse
laser. The spectra reveal a positive absorption feature in the wavelength range from 900
to 1180 nm (Figure 8), which are probably assigned to free and trapped (shallow and
28,29

deep trapped) photogenerated electrons in ZCIS according to the previous studies.
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Transient absorption intensity of all samples reached highest immediately after laser
flash (< 2 ps) and then gradually decayed. Compared with bare ZCIS, the absorption of
ZM-X decayed much faster, and ZM-3.0 exhibited the fastest decay rate. At 10 ps after
pulse laser excitation, the absorbance intensities at 975 nm of ZM-X (X = 0.6, 1.8, 3.0,
4.2, and 6.0) showed 22.2%, 26.5%, 29.7%, 27.0%, and 22.2% decrease, respectively,
which were significantly enhanced compared with bare ZCIS (14.4%). And ZM-3.0
exhibited the fastest decreasing rate. This faster intensity decrease observed with ZM-

X indicates the accelerated electron decay kinetics.
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Figure 9 (A) Time profiles of normalized transient absorption at 975 nm for ZCIS, ZM-
0.6, and ZM-1.8 after 420-nm laser irradiation. (B) Time profiles of normalized

transient absorption at 975 nm for ZM-3.0, ZM-4.2, and ZM-6.0 after 420-nm laser
irradiation.

Representative decay traces transient absorption at 975 nm are illustrated in Figure

t

9 and fitted by a multiexponential function: A4d= A4y + Y; A;e (_’_i), where A and 7 refer
the amplitudes and lifetimes, respectively.’’ The smallest number of decay lifetimes, T;
resulted in the minimum %, is used for each fit.’' Kinetic parameters for these three
samples are listed in Table 1. In the case of pure ZCIS, a biexponential decay function
is used and the time constants are evaluated to be t; =28.0 £ 3.4 ps and 1, = 580 £ 139
ps, which are assigned to electron tapped at defect states and the charge carriers
recombination process, respectively.”*~>~> On the contrary, the decay curves of ZM-X
samples are fitted by a triexponential function, demonstrating the existence of an
additional deactivation path, i.e., electron transfer process. This extra route is extremely

short, less than 5 ps, attributing to the interfacial electron transfer from ZCIS to MoS;
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and ZM-3.0 exhibites the fastest electron injection with only 1.12 ps among all ZM-X
samples. According to the TEM image, hydrothermal formed MoS, are mostly
deposited on the outside of ZCIS microsphere, therefore, the time constant of several
tens picoseconds (12 =26.9 — 51.9 ps) may due to the electrons injection from ZCIS to
MoS; with a long distance or the trapped electrons at defect sites of ZCIS. For the
further long-lived component up to several hundred picoseconds, 13 is attributed to the

slow recombination of photogenerated electron-hole pairs. Based on the fitting data, we

YiAiTi 34
Yid;

calculated the mean lifetime of the sample according to the equation: <t,,.> =
The average lifetime firstly exhibits a sharp decrease from 293 ps (ZCIS) to 87.8 ps
(ZM-3.0), and then gradually increase to 178 ps (ZM-6.0). In common, the shorter mean
lifetime indicates more rapid the interfacial electron separation. Therefore, this

calculated results clearly show that the electrons are injected from ZCIS to MoS; within

a much shorter time scale in ZM-3.0 than other ZM-X samples.

Table 1. Kinetic parameters of transient absorption decays.

Sample A, A Ay LE)  H@E) M) T ®) M (%) 2

0.400 0.369
ZCIS (52.0%)  (48.0%) - 28.0+3.40 580+ 139 - 293 - 0.967

0.305 0.388 0.222
ZM-0.6 (334%)  (423%)  (24.3%) 3.76 £0.83 49.3 £ 14.5 555+261 157 46.4 0.970

0.706 0.354 0.265
ZM-1.8 (533%)  (267%)  (20.0%) 1.25+0.49 33.1 £5.50 533+209 116 60.3 0.956

1.01 0361 0.324
IM3O oo oiaw) (9% L12%035269+330 426£662 878 69.9 0.983
0.599 0313 0.238
IMA2 (Pl ara 0w 236100 519£9.00 523186 124 577 0.958
o 0346 0.573 0411 = ) 8241334964107 503+111 178 392 0.980

(26.0%)  (43.1%)  (30.9%)

As a more significant parameter for photocatalytic performance, the efficiency of

electron injection (ninj) from ZCIS into MoS, was also acquired as Minj = 1-

Tave(ZM—X) 35

TR ZM-3.0 also shows the highest injection efficiency (69.9%) than other

samples. Considering the different loading amount of MoS; in ZM-X this result offers
more straightforward and powerful evidence that most efficient transportation of

photogenerated electrons between ZCIS and MoS, happens in ZM-3.0 sample. The
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electrons injection could greatly increase their opportunities to involve into the
photocatalysis H, evolution before the recombination of electron-hole pairs. Therefore,
the results of photoelectrochemical and femtosecond time-resolved transient absorption
together indicate that the photogenerated electrons could migrate from ZCIS to MoS,,
thus to enhance the photocatalytic activity of ZCIS. More importantly, ZM-3.0 shows
the fastest electron injection rate and most efficient injection efficiency, which account
for its significantly enhanced photocatalytic H, evolution performance.

In addition to the electrons injection from ZCIS to MoS; in photocatalysts, the
amount of reactive sites in co-catalysts also plays an important role on their
photocatalytic H, evolution activity. According to previous reports, the active sulfur
atoms on the exposed edges of MoS; increase not only its electrocatalytic activity, but

also photocatalytic activity.'**®

These unsaturated active sulfur atoms bind strongly
with H' in solution, which are easily reduced to H, by electrons. Due to the abundance
of H' ions in lactic acid solution, unsaturated active sulfur atoms on the exposed edges
of MoS, more easily capture H' ions, thus facilitating H, generation. Sulfur atoms on
the basal plane with three-coordination, however, have no activity.37 In this case, the
enhancing photocatalytic activity from ZM-0.6 to ZM-3.0 is probably because of the
increasing amount of active sites in MoS,. While with further raising amount of MoS;
to ZM-4.2 and ZM-6.0, aggregated MoS, nanoflowers start to appear, which greatly
decrease the amount of unsaturated sulfur atoms and inhibit the electron mobility.>
Thereby, ZM-3.0 exhibits the highest activity for photocatalytic H, generation.
Considering that the CB minimum position of few-layer MoS, locates at -0.13 V vs.
NHE together with the above experimental results and analysis, a reasonable charge
migration route in ZM-X heterostructure and the photocatalytic mechanism for H,
evolution from water is proposed in Figure 10. Under visible light irradiation, electron-
hole pairs are formed and separated in ZCIS microsphere. Some electrons approaching
to MoS; are injected into MoS; in several picoseconds confirmed by the TDR results.
Some other electrons far from MoS, may transfer to MoS, within tens picoseconds.
These electrons subsequently move to active sites on MoS; to reduce H' to H,. At the

same time, the photogenerated holes are consumed by hole scavenger. Due to the fast
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recombination of electron and hole pairs and lack of active sites, however, pure ZCIS

possesses a poor H, evolution activity.
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Figure 10 Schematic illustration of photogenerated charge transfer in ZM-3.0, and the
proposed photocatalytic mechanism of H, evolution.

4. Conclusion

In summary, quaternary sulfur semiconductor Zn4Cageln,Ss combined with
different amount of layer structured MoS; are synthesized for visible-light-driven H;
production from water. ZM-3.0 photocatalyst exhibits the maximum H; evolution rate
of 3.5 umol h™ under visible light irradiation, which is about 27 times higher than that
of bare ZCIS. The superior photocatalytic H, evolution activity of ZM-X is ascribed to
2D-2D structure, which greatly increases the contact surface area for charge transfer
and supplies more active sites for photocatalytic reaction. The improved charge
separation is confirmed by decreasing arc radius of Nyquist plot and significantly
enhancement of photocurrent responses. Femtosecond time-resolved diffused
reflectance spectroscopy gives a detail information of charge carrier transfer dynamics.
It is demonstrated that the electrons could migrate from ZCIS to MoS; within several
picoseconds, causing an efficient charge separation. In addition, the electron injection
efficiency in ZM-3.0 is 69.9% and the injection time-scale is the shortest within only

1.12 ps, which are the highest and fastest. Overall, these results suggest that the
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quaternary sulfur semiconductor can be served as a new kind of photocatalysts for water

splitting with the characteristics of visible light responding and environmental friendly.
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General Conclusion

Throughout this dissertation, the photocatalytic activities of semiconductor-based
composites have been studied. Importantly, the charge transfer kinetics was thoroughly
explored using femtosecond time-resolved diffuse reflectance spectroscopy and single-
particle confocal fluorescence microscopy technique.

In Chapter 1, Au-TiO; and 3D-array were fabricated to carefully explore the multi-
scattering effect on the photocatalytic activity of H, generation. 3D-array exhibited a
much higher photocatalytic activity of H, generation (3.5 folds under visible light
irradiation, 1.4 folds under solar light irradiation) than Au-TiO,. According to the
single-particle plasmonic photoluminescence measurement, it was suggested that the
hot electrons generated by AuNS under visible light irradiation play a significant role
during the photocatalysis process. The higher activity of 3D-array is due to the
elongation of light path length because of multi-scattering in-between Au-TiO,.

In Chapter 2, a facile impregnated method was explored to synthesize products
gradually varying from N-TiO, to N-TCN-x by mixing and calcining TiO, hollow
nanospheres with cyanamide. Due to the mesoporous structure of TiO,, g-C3Ny is
formed both inside and outside of nanospheres. In addition, formation of g-C3N, outside
of TiO, small grains (3 nm) restrains their recrystallization to large particles (20 nm).
Among series of N-TCN-x, N-TCN-700 exhibited the best activity in H, evolution of
296.4 pmol g h™ under visible light irradiation (A > 420 nm) without any co-catalyst.
Charge carrier lifetimes of N-TCN-x were measured by femtosecond time-resolved
diffused reflectance spectroscopy to indicate that photogenerated electrons in CB of g-
CsN, transfers to that of N-TiO, within several to tens picoseconds, leading to efficient
charge separation and photocatalytic activity.

In Chapter 3-1, facile processes were developed to synthesize g-C3Ny-based hybrid
photocatalysts containing different MoS; structures as co-catalyst, nanodot and
monolayer. Photocatalytic H, evolution activity of MC-3.2% is 660 umol g h™ under
visible light irradiation, which is 7.9 times higher than that of Mix-6.4% (83.8 umol g’
" h"). Charge carrier dynamics of g-C3Nj, MC-3.2%, and Mix-6.4% measured by
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femtosecond time-resolved diffused reflectance spectroscopy indicated that the
electron injection took place within 1.7 ps in MC-3.2% compared to 4.0 ps in Mix-6.4%
and the injection efficiencies were 73% and 36% in MC-3.2% and Mix-6.4%,
respectively. In addition, MoS, nanodots with the small size contain more unsaturated
active S atoms than MoS, monolayer, which could adsorb more H' ions.

In Chapter 3-2, quaternary sulfur semiconductor ZngsCagelnaSs (ZCIS)
microspheres composed of cross-linked nanosheets and ZCIS microspheres modified
with MoS, were designed and prepared via hydrothermal methods. Detailed
characterizations indicated that the layer structured MoS, nanosheets are mainly
deposited on the surface of ZCIS nanosheet to form a 2D-2D structure which increases
greatly the contact surface area for charge transfer. It is demonstrated that ZM-3.0
(ZCIS with 3 wt% MoS; loading amount) exhibited the fastest electron injection within
only 1.1 ps and the highest efficient injection efficiency of 70%. As a result, ZM-3.0
exhibited the H, evolution rate of 3.5 umol h™' under visible light irradiation (A > 420
nm), which is 27 times higher than that of ZCIS (0.13 umol h™").

To conclude, this thesis introduces three methods to increase the performances of
semiconductors for photocatalytic hydrogen/oxygen generation processes, which are
enhancing incident light absorption, retardation of electron-hole pairs recombination
and providing sufficient active sites for photocatalysis reactions. All works help us to
gain an in-depth understanding on photocatalytic activities. With intensive
investigations of charge transfer kinetics in semiconductor-based materials,
photophysical properties will be gradually unveiled, which is a fundamental guidance
for designing photocatalysts with novel structure and extraordinary performance. The
photocatalytic reactions are still at the early stage of development, the promising future
of it will be foreseen as the basic building block for the resolving energy shortcoming

and environment pollutant.
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