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Abstract:

Hierarchical semiconductors are the most important photocatalysts, especially
for visible light-induced hydrogen production from water splitting. We demonstrate
herein a hierarchical electrostatic assembly approach to hierarchical CdS/m-TiO,/G
ternary photocatalyst, which exhibits high photoactivity and excellent photostability
(more than twice the activity of pure CdS while 82% of initial photoactivity remained
after 15 recycles during 80 hrs irradiation). The ternary nanojunction effect of the
photocatalyst has been investigated from orbitals hybrid, bonding energy to
atom-stress distortion and nano-interface fusion. And a coherent separation
mechanism of charge carriers in the ternary system has been proposed at an
atomic/nano scale. This work offers a promising way to inhibit the photocorrosion of
CdS and, more importantly, provide new insights for the design of ternary

nanostructured photocatalysts with an ideal heterojunction.

Graphical abstract :

A new insight into constructing a hierarchical ternary composite photocatalyst for
visible light-induced hydrogen production from water splitting with high activity and
stability by electric-triple-layer hierarchical assembly approach. The atomic-scaled
heterojunctions of CdS/m-TiO,/G are beneficial for efficient transformation of
photogenerated carriers from the semiconductor, which thus significantly enhance the
CdS photoactivity and inhibited the CdS photocorrosion.
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1. Introduction

Cadmium sulfide (CdS) is considered as one of the most important
semiconductors as a visible-light-driven photocatalyst [1-3]. However, it remains a
great challenge to protect CdS quantum dots (QDs) from photocorrosion and
nano-aggregation, which greatly limits the practical applications of CdS for solar fuel
production [4]. There are many successful approaches to enhance the stability of CdS
via binary composition techniques including nano-loading [5, 6], nano-coating [7-9],
nano-entrapping [10-13] and nano-junctions [14-18]. For example, CdS loaded onto
graphene sheets shows high photocatalytic activity [5] and photostability [6]
attributed to the strong interaction between CdS and graphene. CdS coated by
nanocarbon [3, 7], and conductive polymers [8, 9] can significantly inhibit the
photocorrosion due to the confinement effect. While CdS entrapped in open
frameworks such as ordered mesostructures [10-12] has also shown to be beneficial
for preventing CdS from photocorrosion and aggregation because of the confined
space and high dispersity; Nano-junctions such as CdS/TiO, [14, 15, 19, 20], CdS/Au
[21], CdS/ZnO [16], hexagonal CdS/cubic CdS [17, 18] are often used to promote the
photoactivity and photostability of CdS because of the efficient separation of the
photogenerated carriers. Notably, it is still not easy to obtain a long-term stable CdS
photocatalyst although various protection mechanisms have been discovered.
Subsequently, ternary composition techniques are studied, because they might
combine the successes of the binary composite [22]. A nice attempt of ternary

composites is the entrapment of CdS nanocrystals within macropores of the TiO;
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array, and on-top graphene oxide sheets to cover the TiO; array surfaces as an
inhibitor of photocorrosion [23, 24]. However, the photoactivity didn’t improve
drastically due to the relatively low long-range electronic conduction of the TiO,
arrays. One of the techniques to improve the photoactivity of CdS is by using
nanosized composites in order to accelerate the electron-hole separation such as in the
hexagonal CdS/Pt/cubic CdS [18] and CdS/TiO,/Au [25, 26] ternary system. However,
due to the incapability of hole inhibition, this structure results in a relatively low
photostability of CdS. Further development of a ternary composite is done by using
binary CdS nanocomposites within nanoporous structures such as CdS-polyoxo-Ti
cluster-MOF, which greatly enhances the photoactivity of CdS, but results in a low
chemical and thermal stability of the organic-inorganic hybrids [27]. Ideally, ternary
nanocomposite photocatalysts need the various components to integrate together at an
atomic or nanosize scale to form ternary nanojunctions that could result in highly
efficient electron-hole pair separation [28]. More importantly, the final nanostructure
should be highly stable and capable of hole inhibition. It is therefore highly preferred
to strive for high structural stability and successful atomic/nanoscale integration of the
three components in a ternary composite system, which not only will greatly enhance
the stability of nanocomposites, but also greatly improve the activity of CdS.
Recently, core-shell structures have received a lot of attention because these
nanostructures can combine functionalities of the various components at a nanoscale
and enhance the confined-space catalysis effect, as well as stabilize the nanocatalysts.

The composite and nanostructure properties can be integrated into one solid, such as
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nanocatalysts and biocatalysts within a hierarchical structure [29-32]. Here we present
a hierarchical electrostatic assembly approach to hierarchical CdS/mesoporous
TiO,/graphene (CdS/m-TiO,/G) as a core-shell ternary visible-light photocatalyst.
Very interestingly, the hierarchical CdS/m-TiO,/G shows a highly increased activity
and stability during visible-light-induced photocatalytic H, production compared to
pure CdS. Furthermore, the ternary nanojunction effect of the hierarchical
CdS/m-TiO,/G has been investigated from orbitals hybrid, bonding energy to
atom-stress distortion and nano-interface fusion. And a coherent separation
mechanism of charge carriers in the ternary system has been proposed at an

atomic/nano scale.

2. Experimental section

2.1 Materials
Hexadecylamine (HDA, 90%, Sigma-Aldrich), Titanium (V) isopropoxide (TIP,
95%), dimethyl sulfoxide (99.8%), citric acid (99.5%) and Cadmium acetate
dehydrate (99.99%) were purchased from Aladdin Industrial Co., China. Other
chemical reagents were of analytical grade and were supplied by Sinopharm Chemical
Reagent Co., Ltd., China. GO was synthesized by the modified Hummers method [33,
34].
2.2 Preparation of m-TiO,, CdS, CdS/m-TiO,, CdS/m-TiO,/G, CdS/G and TiO,/G
Pure m-TiO, were synthesized according to a previous report [35]. To obtain

ternary core-shell structured photocatalyst, 0.15 g m-TiO, was dispersed in 80 mL



DMSO with ultrasonification, then 0.106 g Cd(CH3COO),+2H,0 was added into the
dispersion and stirring for 2h (the final weight ratio of CdS is about 20.1%). Followed
by adding 3 mL GO solution (2 mg/mL) with continuous stir, the resulting mixture
was autoclaved in a Teflon-lined stainless steel vessel at 180 °C for 12 h. The dark
yellow solid samples were filtered with acetone and ethanol to remove reactants. To
remove free CdS, the final samples were dispersed in water and sonicated for a short
time, then collected by centrifugation and dried in air at 60 °C, the obtained sample
was labeled as CdS/m-TiO,/G. For comparison, 0.027, 0.053, 0.213, 0.318 and 0.954
g of Cd(CH3COO),+2H,0 were used for synthesize CdS/m-TiO,/G, with the final
weight ratio of CdS are about 5.2%, 10.2%, 38.6%, 66.3% and 79.3%, respectively.
The samples were marked as CdS/m-TiO,/G-x, x= weight ratio of CdS. CdS/m-TiO,
CdS/G and m-TiO,/G nanoparticles were synthesized by the same procedure in the
absence of GO, m-TiO, and Cd(CH3COO),+2H,0, respectively. CdS was synthesized
by the same procedure in the absence of GO and m-TiO..
2.3 Characterization

The samples morphology observation was performed on a field emission
scanning electron microscope (FESEM, S-4800, HITACHI) and a transmission
electron microscope (TEM, JEOL-2100F). The high angle annular dark field
(HAADF) and energy-dispersive X-ray spectroscopy (EDS) elemental mapping
images were performed on an EDAX Genesis. The power X-ray diffraction (XRD)
patterns were recorded on an X-ray diffractometer with Cu Ko radiation (D8 Advance,

Bruker, A = 1.5418 A). Zeta potentials were measured by Zetasizer Nano Series (ZEN
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3600, Malvern). The Brunauer-Emmett-Teller (BET) measurements specific surface
area was measured by using a Micromeritics ASAP 3020 system. The pore size
distribution for each sample was calculated from the adsorption isotherm branch using
the BJH method. The total pore volume was obtained from the amount adsorbed at
P/Po = 0.99. ICP measurements were examined on inductively coupled
plasma-atomic emission spectroscopy (ICP-AES, Prodigy7). Fourier transform
infrared spectroscopy (FT-IR) spectra were obtained using a Bruker VerTex 80v
spectrometer. UV-visible spectra were measured on a UV-visible spectrophotometer
(UV-2550, Shimadzu, Japan). X-ray photoelectron spectroscopy (XPS) measurements
were performed on a PHI Quantera IlI, (ULVAC-PHI, Japan) for chemical
composition analysis, all binding energies were calibrated to the C1s peak at 284.6 eV.
The photoluminescence spectra (PL) were recorded on LS 55 (PERKIN-ELMER)
with an excitation wavelength of 300 nm. Time-resolved fluorescence emission spectra
were recorded at room temperature with a fluoromax-4 spectrofluorometer (HORIBA
Scientific).
2.4 Photocatalytic reactions

Photocatalytic H, production was performed in a closed circulation system using
a PLS-SXE-300C lamp (Beijing perfectlight Technology Co., Ltd.) wth a visible light
intensity of ca. 158 mW cm? (A>420 nm). The lamp was 10 cm away from the
reaction solution. 20 mg of CdS or CdS/m-TiO,/G was suspended in 80 ml of an
aqueous solution containing Na SOz (0.1 M) and Na,S (0.1 M). The mixture was

sealed in a quartz vessel and vacuumed for 10 min to remove the dissolved oxygen, a
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continuous magnetic stirrer and cooling water were applied during the experiment.
The produced H, was analyzed by an Agilent 7890A gas chromatograph (GC) with a
thermal conductivity detector (TCD).

The apparent quantum yields (AQY) was measured and calculated by the following
equation using a PLS-SXE-300C Xe lamp with 420 nm band-pass filter (120 mW
cm2):

Number of evolved H moleculesx?2

AQY = X 100%

Number of incident photos

2.5 Photoelectrochemical Measurements

Photocurrent tests were carried out in a conventional three-electrode system
using on a CHI 660D electrochemical workstation (Chenhua Instrument, Shanghai,
China) with a Pt foil as the counter electrode and a Ag/AgCl reference electrode at a
0.5 V potential bias under a PLS-SXE-300C lamp. The working electrodes were
prepared by dispersing catalysts (5 mg) and Nafion solution (100 pL, 0.5 wt%) in
water/ethanol mixed solvent (1 mL, 1:1 v/v) at least 30 min of sonication to form a
homogeneous ink. The working electrode was prepared by drop-casting the above ink
(50 pL) onto FTO glass with an area of 1 cm?.
3. Results and discussion

The synthesis process and formation mechanism of CdS/m-TiO,/G are shown in
Fig. 1. Surface charges play an important role in the nanoencapsulation of CdS, which
could be estimated by measuring the zeta potentials (Table S1). First, the negatively

surface of m-TiO, (Fig. 1a) ({ = -14.9 mV) bead is adsorbed by Cd** forming



m-TiO/Cd** (Fig. 1b) ({ = -11.4 mV) electrical bilayer with a bridge positive charge
(Cd?"). When GO is added into the above mixture, the negatively charged GO sheets
are attracted electrostatically to bridge positive charge (Cd**) of the m-TiO,/Cd?*
forming a Negative-Positive-Negative electrical triple layer m-TiO,/Cd*/GO (Fig.
1c) (£=-19.8 mV) [36, 37]. In our proposed model, the positive ion acts as a bridge to
assemble the two types of negative ions, resulting in the two precursors with surface
negative charges self-assemble together. [38, 39] After the solvothermal process, GO
can be converted to chemical converted graphene (G); CdS is generated in the
confined space of m-TiO, and graphene, and the hierarchical CdS/m-TiO,/G (Fig. 1d)
can be finally obtained. The Negative-Positive-Negative electric-triple-layer (Fig. 1e)
will not only avail to the hierarchical assembly of m-TiO,/Cd**/GO, but is also
beneficial to the strong linkage (and/or nanofusion) between CdS, m-TiO, and
graphene to produce a uniform dispersion of CdS in the mesostructure (Fig. 1f).

The morphology and crystal structure of the CdS/m-TiO,/G are examined by
scanning electron microscopy (SEM) (Fig. 2a), XRD (Fig. 2b), HRTEM (Fig. 2c and
Fig. 2h~2j, Fig. S3), HAADF-STEM (Fig. 2d) and the corresponding EDX elemental
mapping (Fig. 2e-2g). The CdS/m-TiO,/G beads show a uniform diameter of about
400 nm and consist of individual nanoparticles (Fig. 2a and Fig. S1e). Compared to
the pure m-TiO, beads (Fig. S1c), a few layers of graphene are clearly visible on the
surface of the CdS/m-TiO,/G beads, and the CdS/m-TiO,/G have a rougher surface
due to the co-deposition of CdS and graphene onto the TiO, nanocrystals. Very

interestingly, the images (Fig. 2a and Fig. 2c¢) show no obvious CdS aggregations on
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the outlayer of the CdS/m-TiO,/G by hierarchically electrostatic assembly, probably
attributed a priority of absorption and diffusion of Cd?* ions via relative strong
electrostatic attraction, high-surface-area effect and capillary action of mesochannels.
To avoid the limitation of SEM and TEM at large-scale observation, only CdS and
m-TiO, as the control sample shown in Fig. S1d presents that the nanosized CdS
trends to form around m-TiO, and aggregates together. This result strongly suggests
that the Negative-Positive-Negative hierarchically electrostatic assembly can prevent
CdS from aggregation as compared to the traditional electronic-bi-layer approach.
The XRD patterns in Fig. 2b show both m-TiO, and CdS diffraction peaks: anatase
TiO, (JCPDS no. 21-1272) and cubic CdS (JCPDS no. 80-0019). However, the CdS
as well as the m-TiO; peaks are broad and diffuse due to the nanosize dimension of
the particles. The HRTEM image of CdS/m-TiO,/G in Fig. 2c shows that m-TiO,
consists of individual nanocrystals with a diameter of about 15 nm; the lattice fringes
of 0.35 nm agree with the anatase titania (101) interplanar spacing while the 0.204 nm
fringes correspond to the (220) planes of CdS. Meanwhile, the CdS nanoparticles with
a size of around 8-10 nm are embedded in the mesochannels of TiO, and the
CdS/m-TiO, nanocomposites are intimately coated by few-layer of graphene sheets
with the thickness of 2~4 nm (Fig. 2c). It is clear to be seen the atomic-scaled fusion
interface between the graphene sheets and titania oxides surface (inset of Fig. 2c).
These results suggest a good protection of the hierarchical structure and a high

electron-mobility from CdS to graphene during photocatalysis[40, 41].

11



The SEM image (Fig. Sla) shows the pure CdS nanoparticles aggregates
together, meaning relatively low stability and activity. After being ultrasonic
dispersed in water, the CdS exhibits the size of about 8-15 nm as shown by HRTEM
in Fig. Slb. The STEM image clearly shows the mesoporous structure in the
CdS/m-TiO,/G (Fig. 2d); the STEM-EDS elemental mapping in Fig. 2e-g
demonstrates that Cd element is uniformly distributed over the whole m-TiO, single
bead, implying the good loading and highly dispersion of CdS into the m-TiO, bead.
Owing to the electric-triple-layer synthesis process, interfaces of m-TiO,, CdS and
domain boundaries related to the crystal fusion are formed. Interestingly, a different
type of crystal fusion domain is formed at the phase edge; it shows a disordered
atomic arrangement and strong lattice distortions (pink areas in Fig. 2h, the original
HRTEM image is shown in Fig. S3a), which results in a change of lattice periodicity
and the generation of structural defects. This unique fusion structure improves the
photogenerated charge carrier transfer and significantly increases the number of
catalytically active sites, due to the very low interface losses during electron
transmission. Notably, the nano-domains of amorphous Ti(IV) or semi-crystalline
TiO; (pale blue in Fig. 2h~2j and Fig. S3b) with irregular morphology are formed due
to the relative low calcined temperature and directly bonded to the CdS grains. This
amorphous Ti(IV) has a more negative potential and can act as a hole trapping center
[42]. The evidence of lattice fusion between CdS and TiO, with anatase and/or
amorphous phases is observed in the inverse FFT images of the regions I and Il (Fig.

2h~2j). Disordered densely-packed domains are present at the interface between CdS
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and anatase TiO; (region I, Fig. 2i), due to the lattice stress [43] and strong interface
interaction during the solvothermal synthesis. Most importantly, such a mixed-phase
structure between CdS and TiO, renders a minimum degradation of the carrier
mobility. The lattice irregularity around CdS is attributed to the amorphous or
semi-crystalline phases of TiO, (Fig. 2j and Fig. S3b). These nano-fusion domains
caused by heterojunctions of CdS and TiO, not only facilitate the separation of
carriers, but also can bond the different nanoparticles and enhance the stability of the
nanostructure [44].

We further studied the pore size distribution of m-TiO,;, CdS/m-TiO, and
CdS/m-TiO,/G by nitrogen sorption measurements. In Fig. S4, both samples exhibit
typical IV-type isotherms, indicating the existence of well-developed mesopores. The
CdS/m-TiO,/G sample has a specific surface area of 85.3 m”g™, an average pore size
of 13.3 nm and a pore volume of 0.23cm®g™. Compared to m-TiO, (Table S2), the
slight decrease of CdS/m-TiO,/G not only indicates the successful loading of CdS and
the coating of graphene, but also prevents CdS from aggregation to block the
mesopores. Meanwhile, the CdS/m-TiO, sample has obviously decreased its specific
surface area, average pore size and pore volume, due to the aggregation of CdS in the
mesostructure in absence of the graphene sheets, which is in good agreement with the
TEM and SEM data.

The photocatalytic H, production and inhibition of the photocorrosion of CdS in
practical application over m-TiO,, CdS, m-TiO,/G, CdS/m-TiO,, CdS/G and

CdS/m-TiO,/G is examined by using a mixed Na,S and Na,SOs; aqueous solution
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under visible light irradiation. The comparison of the H, production of CdS/m-TiO,/G
samples (with the final weight ratio of CdS are 5.2%, 10.2%, 20.1%, 38.6%, 66.3%
and 79.3% from the ICP results) are shown in Fig. S5a. With the increasing of the
content of the CdS, the photoactivity of the CdS/m-TiO,/G decrease, which is due to
highly disperse of CdS at relatively lower level of the content. The
CdS/m-TiO,/G-5.2%, CdS/m-TiO,/G-10.2% and CdS/m-TiO,/G-20.1% show higher
H, production rate in comparison of CdS/m-TiO,/G-38.6%, CdS/m-Ti0,/G-66.3%,
CdS/m-TiO,/G-79.3%. Notably, the CdS/m-TiO,/G-38.6% shows aggregation of the
nanosized CdS (Fig. S5b), suggesting the overloading of CdS in the system of
CdS/m-TiO,/G. The 20.1% of weight ratio of CdS is chosen (short for
CdS/m-TiO,/G), which is far more than the amount of sensitizing treatment and
presents high photoactivity and high dispersion. In Fig. S6, ternary CdS/m-TiO,/G
shows the highest H, production activity up to 8.4 mmol (h gegs)™?, with an AQY of
ca. 9% at 420 nm monochromatic light irradiation. The high photoactivity is directly
attributed to the high dispersion of CdS and the ternary nano-junction with
CdS/m-TiO,/G, which greatly improve the separation of photogenerated electrons and
holes [5, 45]. Note that there is no H, generated without the CdS component,
suggesting that samples without CdS are likely not active under visible light
irradiation. Besides, binary CdS/m-TiO, and CdS/G also display a higher
photoactivity than pure CdS, which means that the introduction of m-TiO, and
graphene sheets is beneficial for the photocatalytic activity. More importantly,

CdS/m-TiO,/G shows a very high photostability in comparison with pure CdS (Fig. 3).
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For example, after one recycle, the CdS/m-TiO,/G shows a very high H, production
activity up to 9.5 mmol (h gegs)™; this is about 2.1 times more than pure CdS. Even
after 40 hrs (7 recycles) and 60 hrs (11 recycles), CdS/m-TiO,/G remained at 92.9%
and 87.9% of the initial photoactivity. In contrast, the photoactivity of pure CdS sees
a significant decrease and only keeps 59.4% and 21.2% activity, respectively. After
80 hrs (15 recycles) irradiation, the photostability of CdS/m-TiO,/G is observably
higher (82% of the initial photoactivity remain) than the photostability of CdS, CdS/G,
and CdS/m-TiO, (Fig. S7) and all the CdS, CdS/G, CdS/m-TiO, show very lack of
photostability (about 4%, 25% and 35% of the initial photoactivity). It is therefore
believed to the very low content of impurities (CdS, CdS/G, CdS/m-TiO,) in our
ternary CdS/m-TiO,/G photocatalyst. As a result, we not only enhanced the unit
photoactivity of CdS but also highly improved its long-term photostability, which
mainly attributed to the unique ternary composition at the atomic/nano scale and
proposed two electron transfer paths: the photogenerated electrons can be injected
from CdS to m-TiO; and to graphene [24] or it can be injected from CdS to graphene
directly [5]. Moreover, the HRTEM image (inset of Fig. 3) shows the ternary
composition nanostructure of CdS/m-TiO,/G to be almost unchanged after 80 hrs of
photocatalytic reaction. Also the corresponding XRD patterns reveal a stable crystal
structure (Fig. S8). The CdS nanoparticles, between the TiO, and the graphene, still
show a good crystallinity and a spherical shape with a size of 8-10 nm (Fig. 3),
illustrating that CdS can maintain its activity and nanostructure during long-term

photocatalysis. Moreover, the coherent mesostructure of the CdS, TiO,and graphene
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is kept. Thanks to the nano-encapsulated core-shell structure and ternary composition
at an atomic/nano scale, the encapsulated CdS nanoparticles that in situ uniformly
generated within m-TiO, and confined by outer-layered graphene, are not only
preventing agglomeration, but also avoid the exposure and photocorrosion of CdS.

To further confirm the ternary nanojunction and the synergetic effect of
CdS/m-TiO,/G on the photostability, the interface interaction and chemistry of the
samples CdS/m-TiO,/G, m-TiO, and CdS are studied by FT-IR and UV-vis diffuse
reflection analysis (Fig. S9). The peaks at 1625.9 cm™ of all the samples are ascribed
to the surface -OH groups probably caused by chemical synthesis of the
nanomaterials; the broad peaks at 728.7 cm™ (m-TiO, and CdS/m-TiO./G) are
assigned to the Ti-O-Ti stretching and bending vibrational modes [46]. The peak at
1109 cm™ and 620 cm™ of CdS could be attributed to the S=O bond of the CdS
complex [47] and Cd-S symmetrics stretching from CdS [48]. The CdS/m-TiO,/G
shows clearly weakened intensity of the S=O and Cd-S peaks, while there is a new
weak peak at 629 cm™ ascribed to the Ti-O-C bond [49, 50], indicating the formation
of a new chemical bond between the graphene sheets and TiO, (Fig. S9a). A
comparison of the UV-vis diffuse reflection spectra of samples m-TiO,, CdS and
CdS/m-TiO,/G is displayed in Fig. S9b. The absorption edge of CdS/m-TiO,/G is
red-shifted in comparison with pure CdS, implying that the coating of graphene
influences the energy band gap of CdS (shown in the inset). The enhanced light

absorption relates to the formation of Ti-C bonds between TiO, and graphene [51].
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Thus, the graphene sheets are firmly coated and possibly bond onto the surface of
m-TiO,, improving the absorption efficiency of light.

The chemical state for CdS, m-TiO,, CdS/m-TiO, and CdS/m-TiO,/G is deduced
from the XPS analysis. Fig. 4a shows the C 1s, Ti 2p and Cd 3d high resolution of
CdS/m-TiO,/G. The binding energy of 284.6 eV is attributed to the C-C, C=C and
C-H bonds. Oxygen-containing groups such as the C-O bond (286.2 eV), C=0 bond
(287.1 eV) and O-C=0 (288.7 eV) show very low intensities and indicate the almost
full reduction of GO. The peak located at 282.6 eV is assigned to the presence of a
Ti-C bond [52-54], which is caused by the binding of graphene and TiO,. The
spectrum of Ti 2p shows two spin-orbit peaks Ti 2ps» and Ti 2py, with a bonding
energy of 458.7 and 464.5 eV, representing the normal Ti*" valence state in TiO.. The
two peak deconvolutions in the binding energies of 457.5 and 463.3 eV suggest the
presence of Ti*" in addition to Ti** chemical state [55, 56], and the two other peaks
centered at 465.8 and 460.2 eV are attributed to the Ti-C bond [56-59], which is in
accordance with C 1s results. In addition, the formation of the Ti-O-C bond was also
confirmed by the XPS spectra of O 1s (Fig. S10a). The main peak centered at 530.1
eV correspond to Ti-O-Ti (lattice O). The peak with lower binding energy located at
528.9 eV is attributed to Ti**-O [60]. More over, the peak deconvolution at 531 eV
correspond to Ti-O-C bond [60] which has also been observed in FT-IR spectrum.
Models of the new chemical bonds, generated at the interface of binary and ternary
systems between CdS, TiO, and graphene, are proposed in Fig. 4bi~4biii. For

CdS/m-TiO,, when CdS combines with TiO,, the surface Ti-O-Ti bonds in TiO, are
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broken, Cd will bond with lattice oxygen to form a Cd-O-Ti bond. This leads to a
decrease of the electron-electron repulsion around the Cd atoms and facilitates the Cd
core level moving toward higher bonding energy (Fig. 4c, Fig. S10) [61, 62]. The
other electron hybrids such as Cd-O-Ti and Ti-S-Cd bonds in CdS/m-TiO, (Fig. 4b i),
and a Cd-C bond in CdS/G (Fig. 4bii) could also be estimated by Cd 3d core level
shift (Fig. 4c). As to visible light excitation, the directions of the photogenerated
electron transfer will depend on the relative position of the CB and VB of the
semiconductors (from CdS to TiO, and/or graphene). Compared to the binary systems,
the ternary CdS/m-TiO,/G with atomic and nanoscale composition, the bonding
varieties enhance the bonding energy and provide various paths for the electron
transmission from Cd to the TiO, and graphene (Fig. 4biii). More direct evidence is
provided by the Cd 3d chemical shift (Fig. 4c). In the case of CdS/m-TiO,, CdS/G and
CdS/m-TiO,/G, the XPS peaks for Cd 3ds, have a chemical shift of 0.2 eV, 0.3 eV
and 0.4 eV respectively, compared to that of CdS, (Fig. 4b and Fig. S10c). Compared
to the binary systems, the increment of the Cd 3d core level shift in the ternary system
confirms that the ternary composites at atomic/nano scale enhance the bonding energy,
resulting in a structural and/or bonding stability and electron-transmission varieties.
On the other hand, the efficient transfer of charge carriers across the semiconductor
interface is the key for photocatalytic efficiency, and the heterostructure is beneficial
to the interfacial charge transfer [63-65]. Therefore, the ternary CdS/m-TiO,/G, not
only involves the Cd-O-Ti, Ti-C, Cd-S-Ti and Cd-C bonds varieties, but also has a

more stabilized chemical environment due to the coating of graphene and a broader
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tendency of the electron cloud to move towards graphene. Thus results in
photogenerated electron transfer to graphene in a multiway. The transient
photocurrent responses are shown in Fig. 4d, as expected, further confirm that
CdS/m-TiO,/G shows the highest photocurrent intensity compared to CdS, CdS/G and
CdS/m-TiO, due to the dual electron transfer pathways in the ternary system.
Moreover, the electron transfer among CdS, TiO;, and graphene in both binary and
ternary composite photocatalysts is investigated by photoluminescence (PL) (Fig.
S11). The PL intensity of CdS in both the binary and ternary system has decreased,
this emission peak is assigned to a recombination from the excitonic state. The
dramatic decrease of the PL signals of CdS/m-TiO,/G indicates a significant
separation of photogenerated carriers due to the highly efficient electron transfer from
the CdS to the TiO, and graphene. To further understand charge carrier dynamics,
time-resolved photoluminescence decays are introduced to evaluate the structures and
charge transfer between CdS/m-TiO,/G and counterparts. Since the long lifetime of
photogenerated holes and electrons, the efficient charge separation will show a slow
PL signal decay [66]. As presented in Fig. S12 and Table S4, fast (4.09~4.47 ns) and
slow (21.9~23.8 ns) lifetime components are observed. Nanosized CdS shows the
shortest decay time due to the low charge separation efficiency. Binary CdS/G and
CdS/m-TiO, exhibit a faster PL decay compared to ternary CdS/m-TiO,/G,
suggesting difference between the binary and ternary model. The two ways of

electron transfer are therefore proposed to better understand the possibility of
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separation of photogenerated carriers of ternary CdS/m-TiO,/G through interface
charge transfer.

When the photocatalytic reaction occurs, photogenerated electrons from the
valence band (VB) of CdS move to its conduction band (CB), leaving photogenerated
holes in the VB. Subsequently, photogenerated electrons are transferred at the
CdS/m-TiO,, m-TiO,/G and CdS/G interface due to their matching CB position and
intimate interfacial contact by two electron transfer paths: the photogenerated
electrons can be injected from CdS to m-TiO, and to graphene or it can be injected
from CdS to graphene directly. Therefore, photogenerated electrons are both driven to
the graphene layer and make the graphene layer the active site for adsorption of H”
and promote surface chemical reactions for H, production. Besides, CdS directly
bonds to amorphous Ti(IV) domains, which thus facilitates the photogenerated holes
to migrate from CdS to the amorphous Ti(I\VV). The amorphous Ti(IVV) domains have a
more negative potential and act as efficient hole capture centers [42, 67, 68]. Thus, the
photoactivity of the sample is enhanced due to the improved separation efficiency of
the photogenerated electron-hole pairs. On the other hand, photogenerated holes are
trapped in amorphous Ti(IV) and rapidly consumed by the sacrificial reagent instead
of oxidizing CdS. Meanwhile, nanofusion domains of CdS/m-TiO,/G act as interfacial
bonding, for structure-stability and photostability. Therefore, the advantageous
combination of visible light harvesting induced by the core-shell structure and the
ternary composition system constructed by the lattice binding among three

components are responsible for the stable and excellent photocatalytic H, evolution.
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4. Conclusions

In summary, a CdS/m-TiO,/G ternary composite photocatalyst has been
successfully prepared via Negative-Positive-Negative hierarchical electrostatic
assembly synthesis and exhibits an extremely high H, production rate and long-term
photostability. This superior performance is attributed to three reasons. Firstly, the
m-TiO,/Cd?*/GO electric tri-layer is beneficial to interfacial nanofusion of
CdS/m-TiO,/G and a high dispersion of CdS in a core-shell structure, resulting in a
high structural stability and less leaching of CdS. Secondly, the atomic-scaled
heterojunctions in CdS/m-TiO,/G are beneficial for multiple and efficient transfer of
photogenerated carriers from the semiconductor, which thus significantly enhances
the CdS photoactivity. Thirdly, the photogenerated holes are rapidly transferred to the
amorphous Ti(IV) domains, booting their oxidation reaction and enhancing the
photostability. This work offers a promising way to inhibit the photocorrosion of CdS
and, more importantly, provides a new insight for the design of ternary nanostructured
photocatalysts with optimized heterojunctions.
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Graphene

Fig. 1. Scheme illustrating the Negative-Positive-Negative hierarchical electrostatic
assembly synthesis of CdS/m-TiO,/G. a) m-TiO, bead with negatively charged
surface in DMSO solution. b) Formation of an electronic-bi-layer after absorption of
Cd** onto TiO,. c) Hierarchical m-TiO»/GO core-shell structure filled Cd** after
adding the graphene oxide nanosheets. d) Hierarchical CdS/m-TiO,/G after
solvothermal treatment for the formation of CdS and chemical reduction of GO. e)
lonic interactions proposed during the formation of the hierarchical m-TiO,/GO filled
with Cd*. (f) Formation and well-dispersion of CdS in the hierarchical
CdS/m-TiO,/G structure.
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Fig. 2. a) SEM image of CdS/m-TiO,/G, coated with graphene sheets. b) XRD
patterns of CdS, m-TiO, and CdS/m-TiO,/G. ¢) The HRTEM image of
CdS/m-TiO,/G, the inset (taken from Fig. S2) shows the interface between TiO,
nanocrystal and graphene (G), and the scale bar represents 5 nm. d-g) HAADF-STEM
image and EDS elemental maps of CdS/m-TiO,/G. h) HRTEM image of
nanocrystalline domains of anatase TiO,, CdS, amorphous TiO,, and heterojunction,
and four different colors are used to distinguish the different phases. i) Inverse FFT
image of region I, showing crystal fusion region between TiO, and CdS, and j)
inverse FFT image of region 1, showing nanocrystalline domains of CdS and
amorphous TiOs.
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Fig. 3. Photostability for the H, production of CdS/m-TiO,/G and CdS under visible
light irradiation (>420 nm), and the sacrificial reagent containing 0.1 M Na,SO3 and
0.1 M Na,S aqueous solution is added only once during the whole photocatalytic
reaction; The inset shows a HRTEM image of CdS/m-TiO,/G after the 80 h
photocatalytic H, production test.
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Fig. 4. a) XPS spectra of CdS/m-TiO,/G. b) New generated bond models at the
interface between different phases. i~iit) Proposed geometric structures of the newly
formed chemical bonds in the binary nanostructured photocatalysts and the ternary
nanostructured photocatalyst. The three-dimensional electron cloud is proposed by
colored bubbles, and the red dotted lines simulate the photogenerated electron transfer
paths during the photocatalytic reaction. ¢) Cd 3ds;, chemical shift among m-TiO,,
CdS, CdS/G, CdS/m-TiO, and CdS/m-TiO,/G. d) Transient photocurrent responses of
CdsS, CdS/G, CdS/m-TiO, and CdS/m-TiO,/G in a 0.5 M Na,SO, aqueous solution at
0.5 V vs. Ag/AgClI under visible light irradiation (A>420 nm).
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Fig. 5. Schematic description of the transfer and separation of the photogenerated
electrons and holes in the CdS/m-TiO,/G structure.
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Research highlights

A hierarchical CdS/mesoporous TiO/graphene ternary photocatalyst has been
successfully prepared via electric-triple-layer hierarchical synthesis.

The ternary photocatalyst exhibits an extremely high H, production rate and
long-term photostability.

The ternary nanojunction effect of the hierarchical CdS/m-TiO,/G has been

investigated from orbitals hybrid, bonding energy to atom-stress distortion and
nano-interface fusion.
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