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Abstract: CdS is a very good visible-light responsive photocatalyst for hydrogen production.
However, the fast recombination of photogenerated electron-hole pairs and quick
photocorrosion limit its application in photocatalysis. To address these problems, we herein
have designed and synthesized monodisperse polyaniline@cadmium sulfide (PANI@CdS)
core-shell nanospheres to probe the mechanisms of photocorrosion inhibition and
photocatalytic H, production. All the PANI@CdS core-shell nanospheres demonstrate highly
enhanced photocorrosion inhibition and photocatalytic hydrogen production comparing to the
pure CdS nanospheres. Particularly, the PANI@CdS core-shell nanospheres with the thinnest
PANI shell possess the highest hydrogen production rate of 310 umol h™' g in 30 h without
deactivation. Our results reveal that the newly formed C-S and/or N-Cd bonds in PANI@CdS
prevent the reduction of the surface sulfide ions to sulphur, leading to -effective
photocorrosion inhibition. Our results also verify that the photogenerated holes migrating
from valence band (VB) of CdS to the highest occupied molecular orbital (HOMO) of PANI
leads to the enhanced photocatalytic hydrogen production. This work can shed some light on
the mechanism of conducting polymers modifying metal sulfides for effective photocorrosion

inhibition and highly enhanced photocatalytic activities.
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1 Introduction

Hydrogen, the cleanest and the most environmental friendly energy, has become one of
the most research hotspots all around the world [1-4]. Since Fujishima and Honda first
reported the photoelectrolysis water on TiO; [1], photocatalytic water-splitting for hydrogen
production based on semiconductors has aroused much attention in recent years [5-7]. Among
the semiconductors for photocatalysis, CdS with a band gap of 2.4 eV is considered to be a
high visible-light responsive material for photocatalytic hydrogen production [3,8]. At
present, many kinds of materials, such as transition metal oxides [9,10], carbon nanomaterials
[11,12] and conducting polymers [13], have been adopted to modify the CdS nanostructures
for enhanced photocatalytic activities. However, the study on photocorrosion inhibition is still
limited. In fact, photocorrosion largely restricts its further application as highly efficient
photocatalyst for hydrogen production [14,15].

Generally, photocorrosion, where surface sulfide ions are oxidized to sulphur by
photogenerated holes [14], makes CdS highly unstable as a photocatalyst. According to our
density of state (DOS) calculation, the bottom of conduction band (CB) is mainly derived
from Cd 3d orbitals, whereas the top of valence band (VB) of CdS is primarily derived from S
2p orbitals as illustrated in Scheme 1a. In addition, as an n-type semiconductor, the intrinsic
surface defect states can greatly affect its behaviour. When irradiated by solar light, the
photogenerated electrons in the outer surface (OS) move to the inner surface (IS) and the
photogenerated holes move in the reverse direction. This results in a p-type layer at the
surface (Scheme 1b). Namely, the interior photogenerated holes continuously escalate the

photocorrosion of the outer surface. This leads to fast deactivation of CdS via concentrating in
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bonding orbital regions of surface sulphur. As photocatalysis occurs at the surface of the
photocatalysts, modifying the surface of CdS nanostructures to stabilize surface sulfide ions
and to export surface photogenerated holes is thus crucial for photocorrosion inhibition.
Further, the surface modification would also be beneficial for photocatalytic hydrogen
production because of the effective separation of photogenerated electron-hole pairs.

Among the materials modifying the surface of CdS nanostructures, conducting polymers
have aroused a great interest due to their high conductivity and stability, simple synthesis and
good environmental compatibility [16,17]. In particular, polyaniline (PANI) has been
considered as a promising material to overcome the intrinsic drawbacks of CdS via efficiently
facilitating carriers transfer, owing to the well-matched energy level [18-20]. Although
PANI/CdS composites have demonstrated obvious improved photocatalytic activity and
photocorrosion inhibition, the mechanism of photocatalysis and photocorrosion inhibition has
not been deeply discussed [19-22]. Therefore, through probing the mechanisms of
photocatalytic improvement and photocorrosion inhibition of PANI modified CdS composites,
it is possible to find the resolution for its further photocatalytic applications.

Herein, we have used a proton doped in-situ polymerization technique to coat a
homogeneous and tailorable PANI thin layer on the porous CdS nanospheres to construct
PANI@CdS core-shell nanospheres as illustrated in Scheme Ic. Our results show that
uniform PANI shell has been successfully coated on CdS surface. Due to the newly formed
C-S and N-Cd bonds between PANI shell and CdS core, photocorrosion has effectively been
inhibited. Particularly, the photocatalytic hydrogen production rates of PANI@CdS core-shell

photocatalysts are largely improved, owing to photogenerated holes migrating from VB of
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CdS to HOMO of PANI. The thinnest PANI shell on CdS nanospheres exhibits the highest
photocatalytic hydrogen production rate of 310 pmol h™' g™ in 30 h without deactivation.
2 Experimental section
2.1 Materials

All reagents are analytical purity and used without further purification. Cadmium nitrate
tetrahydrate, ammonium persulfate, thiourea and ethylene glycol are purchased from
Shanghai Aladdin Industrial Corporation. Polyvinylpyrrolidone (PVP, Mw=58000) is
purchased from Sigma-Aldrich Chemistry Corporation. Oxalic acid (H,C,;O4), aniline and
ethanol are purchased from Sinopharm Chemical Reagent Beijing Corporation.
2.2 Calculations of the electronic structures of CdS

Geometrical structure of the optimized 3x3x1 supercells of CdS nanocrystal as
theoretical modelling is constructed without disorders. The partial DOS plots of CdS are
obtained by using the first-principles density functional theory (DFT) calculations. The
plane-wave-pseudo potential approach is performed using Perdew-Burke-Ernzerhof
generalized gradient approximation. A kinetic energy cutoff of 380eV and k-point sampling
with 0.05A™" separation in the Brillouin zone are applied. The calculated partial density of
states of CdS nanocrystal is illustrated in Scheme 1a.
2.3 Porous CdS nanospheres synthesis

The monodisperse porous CdS nanospheres are prepared via solvothermal method
according to a previous process with slight modification [23]. Briefly, 1.54 g Cd(NOs),-4H,0
is dissolved into 80 mL ethylene glycol. 1 g PVP is then injected into the above solution and

stirred vigorously until homogeneous. 0.38 g thiourea is dissolved in above homogeneous
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solution and transferred into a 100 mL Teflon-lined stainless steel autoclave. The autoclave is
sealed and heated at 160 °C for 8h and then is cooled to room temperature. The obtained
bright-yellow precipitates are purified with distilled water and ethanol for several times.
Finally, after dried in oven at 60 °C for 4 h, porous CdS nanospheres are obtained.
2.4 PANI@CdS core-shell nanospheres synthesis

The PANI@CdS core-shell nanospheres are synthesized as following: 0.2 g porous CdS
nanospheres are dispersed in 20 mL 0.5 mM oxalic acid (H,C,0O4) aqueous solution. 0.13g
aniline is added into the above solution and the mixture is rapidly stirred for 1 h. At last, 10
mL 0.5 mM H,C,0, aqueous solution including ammonium persulfate initiator is added in the
above mixture and is further stirred for 6 hours at room temperature. The obtained
PANI@CdS core-shell nanospheres are filtered and washed several times with distilled water.
In addition, the thickness of PANI shell can be controlled by adjusting amount of aniline from
0.13 g to 0.26 g. The molar ratio of aniline, oxalic acid and ammonium persulfate is 1:1:1.5.
Thus the products are defined as PANI@CdS-N (N = 1, 1.5, 2), where N is the molar ratio of
PANI to CdS.
2.5 Characterizations

Powder X-ray diffraction patterns are obtained on an X-ray diffractometer (D8 Advance,
XRD) using Cu Ka irradiation source (A= 1.54056 A) at a scan rate of 0.05°s”. The
morphology and microstructure of prepared samples are characterized by field emission
scanning electron microscope (FESEM) S-4800 (HITACHI, Japan). Transmission electron
microscopy (TEM), high resolution transmission electron microscopy (HRTEM), high angle

annular dark field-scanning transmission electron microscopy (HAADF-STEM) and scanning
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transmission electron microscopy-electron dispersive X-ray spectroscopy (STEM-EDS) are
acquired on a FEI Talos F200X. UV-visible diffused reflectance spectra and UV-visible
transmittance spectra of the samples are obtained on a UV-visible spectrophotometer
(UV2550, Shimadzu, Japan). Emission spectra of the samples are obtained on a
photofluorescence (PL) spectrophotometer (LS55, PerkinElmer, USA) with BaSO, as a
reflectance standard. Fourier-transform infrared (FT-IR) spectra are obtained using an FT-IR
spectrophotometer (Thermo Nicolet 360). X-ray photoelectron spectroscopy (XPS) is worked
out with a customized X-ray photoelectron spectrometer (VG Multilab 2000-X equipped with
a monochromatic Al Ka source). UPS is employed on an AXIS Ultra-DLD-600W ultrahigh
vacuum system (a base pressure of 3x10™'"™ Torr) with Hel excitation (21.22eV) and
monochromatic Al Ka source.
2.6 Photocatalytic activity evaluation

Photocatalytic hydrogen production is performed in a top-irradiation Pyrex cylindrical
vessel. The effective irradiation area for the vessel is 28 cm” and the visible-light source is 10
cm away from the Pyrex vessel. Typically, 100 mg photocatalysts are dispersed in 100 mL
aqueous solution containing 0.1 M Na,SO; and 0.1 M Na,S as sacrificial reagents by a
magnetic stirrer in the Pyrex cylindrical vessel. Then the vessel is connected to a gas
circulation system (LabSolar H-production system). The photocatalystis irradiated under
visible light (A>420 nm) with a 300 W Xe lamp. The incident light intensity at the location of
catalyst is 100 mW-cm™. The reaction temperature is maintained at 20 °C by cooling water
during the whole photocatalytic process. The produced hydrogen is analyzed by an on-line

thermal conductivity detector (TCD) gas chromatograph (NaX zeolite column, nitrogen as a
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carrier gas, Agilent 7890A).

3 Results and discussion

FESEM is employed to investigate the morphology of the CdS nanospheres and
PANI@CdS core-shell nanospheres. Fig. 1a shows that the CdS nanospheres have a rough
surface with uniform size of 180nm. Fig. 1b-d present SEM images of the PANI@CdS
composites, which clearly demonstrate that the surface of CdS nanospheres gradually
becomes smooth with PANI shell thickness increase. The inserted photographs show that the
colours of the composites are gradually changed from the yellow of CdS to light green
(PANI@CdS-1), green (PANI@CdS-1.5) and dark green (PANI@CdS-2). In particular, the
PANI shell and CdS core can clearly been seen for PANI@CdS-2 (Fig. 1d). The photographs
and SEM observations indicate that the PANI shell is uniformly coated on the surface of
porous CdS nanospheres. Ultrasonic treatment is used to evaluate the toughness of PANI shell
on PANI@CdS composites. After 30 min sonication, the PANI shell cannot be peeled off
from the CdS nanospheres, indicating strong interaction between CdS and PANI.

The XRD measurement is carried out to determine the crystalline structure of PANI, CdS
and PANI@CdS composites (Fig. 2). All the peaks of porous CdS nanospheres are well
identified as hexagonal wurtzite CdS (JCPDS No.41-1049). The XRD patterns of PANI@CdS
core-shell nanospheres have no change in peaks and shapes, comparing to porous CdS
nanospheres. The three strong peaks for all the samples at 24.8°, 26.5° and 28.3° can be
indexed to (100), (002) and (101) crystal planes of hexagonal wurtzite CdS, respectively. The

two broad peaks centering at 18° and 25° for PANI are attributed to the periodicity
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perpendicular and parallel to the polymer chain, respectively [20]. The XRD results indicate
that coating PANI shell has no influence on CdS crystal structure.

FT-IR is used to verify the interaction between CdS and PANI (Fig. 3). The peaks at
1570 cm™ and 1487 cm™ are identified to C=N and C=C stretching deformation of quinoid
and benzenoid rings, respectively. The peak at 1138 cm™ is C-H in-plane bending vibration.
The peaks at 1296 cm™ and 796 cm™ correspond to C-N stretching vibration mode and N-H
out-of-plane deformation vibration mode, respectively [20]. And the typical peaks of
PANI@CdS-1 and PANI@CdS-1.5 are similar to those of CdS, except for a little shift or
intensity decrease. Indeed, the chemical bonds are influenced due to the interaction between
PANI and the surface dangling bonds of CdS nanospheres. C-H in-plane bending vibration at
1138 cm™, C=C stretching vibration at 1487 cm™ and C-N stretching vibration at 1296 cm™
become weaker. The weak peak at 3430 cm™ is attributed to N-H stretching vibration mode.
And the relatively weak peak at 699 cm™ is associated to the C-S bond in PANI@CdS [24]. It
provides the evidence of the strong interaction between PANI and CdS. It is noted that the
spectrum of PANI@CdS-2 is quite similar to PANI, indicating that the thickness of PANI
shell can affect the photons transmittance and influence the light absorption and utilization.
This is further verified by the UV-visible transmittance measurement of the PANI films
obtained at the same synthesis conditions for PANI@CdS (Fig. S1). It clearly shows that the
PANI-1 film demonstrates better photons transmittance than the PANI-2 film. This is very
important for photocatalytic hydrogen production.

TEM and HRTEM are conducted to reveal the detail structure of porous CdS

nanospheres. TEM image shows that the porous CdS nanospheres are constructed by small
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nanoparticles (Fig. S2a). The lattice fringes of 0.299 nm and 0.22 nm from HRTEM image
correspond to the (101) and (110) crystal plane of hexagonal wurtzite CdS respectively (Fig.
S2b), in good agreement with XRD result.

Fig. 4 depicts the typical TEM, HAADF-STEM and corresponding STEM-EDS
elemental mapping images of PANI@CdS core-shell nanospheres. The surface of
PANI@CdS-1 is still rough, similar to the porous CdS nanospheres (Fig. 4a). The HRTEM
image clearly displays the lattice fringes of CdS (Fig. S3), indicating ultrathin layer of PANI
at the surface. Upon our intensive observations, no PANI is obviously found in PANI@CdS-1.
On the contrary, PANI@CdS-1.5 and PANI@CdS-2 display distinct PANI shell at the surface
of porous CdS nanospheres (Fig. 4c-e). The thickness of PANI shell is at ~16 nm for
PANI@CdS-1.5 (Fig. S4) and at ~20 nm for PANI@CdS-2 (Fig. S5). HAADF-STEM images
and STEM-EDS elemental mappings give more information of PANI shell on CdS
nanospheres. Although PANI shell has not been observed on PANI@CdS-1, the elemental
mappings obviously demonstrate that C and N elements uniformly distribute on porous CdS
nanospheres (Fig. 4b), suggesting the homogeneous ultrathin PANI shell. Both
PANI@CdS-1.5 and PANI@CdS-2 clearly show the core-shell structure (Fig. 4d-f).

As the PANI shell is not obviously displayed by two-dimensional STEM-EDS elemental
mapping on PANI@CdS-1, three-dimensional STEM-EDS tomography is then further used to
provide explicit confirmation of PANI@CdS-1 core-shell nanospheres (Fig. 5). It is worth to
note that the signal of N element in PANI is too weak. Thus, C element is used to show the
PANI shell. Fig. 5a-c demonstrates the uniform distributed Cd, S and C elements, respectively.

Fig. 5d superimposes Cd, S and C elements together, clearly verifying ultrathin PANI layer
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uniformly coated on porous CdS nanosphere.

UV-Vis absorption is further used to investigate the interaction between CdS core and
PANI shell. Fig. 6a shows the spectra of CdS, PANI@CdS-1 and PANI@CdS-1.5, revealing
light absorption in the visible-light region. The absorption edge around 525 nm confirms that
the band gap is due to the intrinsic transition of CdS nanospheres, hinting that the band gap
for CdS nanospheres is of the direct type and the fundamental absorption edge obeys Urbach’s
rule. Thus the equation (0Eynoton) 2-K (Ephoton-Ey) 1s applied to evaluate the band gap energies,
where a is the absorption coefficient, Ephoon 1S the discrete photon energy, K is a constant, and
E, is the band-gap energy [25, 26]. The plot of (aEphoton) % vs. photon energy based on the
direct transition is shown in Fig. 6a inset. The extrapolated value (the straight lines to the x
axis) of Eppoton 0f CdS, PANI@CdS-1 and PANI@CdS-1.5 gives the absorption edge energy
of 2.49 eV, 2.46 eV and 2.48 eV respectively, which means that the PANI@CdS composites
can still utilize visible-light photons for photocatalytic hydrogen production.

PL emission spectra are useful to reveal the efficiency of photogenerated carrier trapping,
migration, transfer, separation and recombination. Fig. 6b presents the PL emission spectra of
CdS and PANI@CdS composites. Comparing to porous CdS nanospheres, the intensity of the
PANI@CdS composites displays a considerable fluorescence decrease. The quenched
fluorescence indicates effective separation of photogenerated eletron-hole pairs, indicating
enhanced photocatalytic H, production for PANI@CdS composites. It is interesting to note
that the PL emission peak slightly blue-shifts from ~522 nm for CdS to ~510 nm for
PANI@CdS composites. Most possibly, this slight blue-shift comes from the strong

interaction between PANI and CdS.
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X-ray photoelectron spectroscopy (XPS) is carried out on proton-doped PANI, porous
CdS nanospheres and PANI@CdS-1 core-shell nanospheres to reveal more detail interaction
between PANI and CdS. Fig. S6 presents the survey spectra of PANI and PANI@CdS-1. The
typical three peaks of C Is binding energies of PANI are at 284.4, 285.6 and 287.5 eV (Fig.
7a), corresponding to C-H or C-C, C-N and C=N respectively [22]. The N /s spectrum of
PANI gives quininoid diimine at 398.9 eV, benzenoid imine at 399.7 eV and protonation
imine at 400.8 eV (Fig. 7b). The binding energies of C-C or C-H, C-N and C=N of
PANI@CdS-1 downshift a little to 284.2, 285.3 and 287 eV respectively, owing to new C-S
bond formation (Fig. 3 and Fig. 7c). This phenomenon is similar to hole-injecting
semiconductors for organic light-emitting diodes, where the HOMO’s binding energies of
organic semiconductors are decreased [27]. It indicates that the photogenerated holes can
migrate from VB of CdS to HOMO of PANI under light irradiation, resulting in
photocatalytic efficiency improvement. After PANI modification, the N /s peak at 399.7 eV
decreases to 399.6 eV (Fig. 7d). In particular, the intensity is increased. According to the
previous work [28, 29], this binding energy decrease means the formation of new metal-N
bond. Namely, the peak at 399.6 eV is related to N-Cd formation. It is noted that compared to
porous CdS nanospheres, both the binding energies of Cd and S significantly increase for
PANI@CdS-1 (Fig. 7e-f), suggesting that Cd and S on the surface simultaneously act as a
kind of electron donor state [30], consistent with C /s and N /s results. More importantly, the
peak of S 2p3/2 shifts from 151.9 eV in CdS to 152.7 eV in PANI@CdS-1. The increased
binding energy of surface atoms suggests that the PANI@CdS-1 be more stable under

visible-light irradiation comparing to the CdS nanospheres.
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Photocatalytic performance of the CdS nanospheres and PANI@CdAS core-shell
nanospheres for hydrogen production is then evaluated under visible-light irradiation in
Na,;SO;3 and Na,S aqueous solution. Fig. 9a demonstrates that the CdS nanospheres produce
hydrogen at an evolution of 642.7 umol g™ at the first 5 h. Then, the photocatalytic activity of
the porous CdS nanospheres significantly decreases to 106.3 pmol g™ after 30 h visible-light
irradiation. The significant decrease in hydrogen production of CdS is attributed to the quick
photocorrosion (the black S can be obviously observed) and fast recombination of
photogenerated electrons and holes [31-33]. The hydrogen evolution amounts of all
PANI@CdS core-shell nanospheres are improved, indicating that the PANI shell at the surface
not only enhances the separation of photogenerated electrons and holes, but also inhibits
photocorrosion of CdS. The PANI@CdS-1 exhibits the best photocatalytic hydrogen
production, which is over 2 times than porous CdS nanospheres at the first 5 h. A total
hydrogen amount of 9429.7 umol-g™ is achieved after 30 h. However, the PANI@CdS-2 has
the worst photocatalytic hydrogen production among the PANI@CdS composites. Most
possibly, the thicker PANI shell on the surface of PANI@CdS-2 prevents light penetration and
absorption (Fig. S1), leading to less photogenerated electrons and holes. These results indicate
that the PANI shell can enhance the photocatalytic hydrogen production and proper thickness
of PANI shell is very important for photocatalytic activity enhancement.

Fig. 8a also displays the stable hydrogen production on PANI@CdS core-shell
nanospheres for 6 cycles, indicating that the PANI shell can keep the porous CdS nanospheres
from photocorrosion. From the FTIR and XPS results, we attribute the -effective

photocorrosion inhibition to the newly formed C-S and/or N-Cd bonds, preventing the
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tangling sulfur atoms exposed in the surface of the PANI@CdS core-shell nanospheres. Fig.
8b presents the hydrogen evolution rates for all the samples. The average hydrogen amount
produced on CdS is 80.3 pmol-h™-g™'. The average hydrogen amounts from PANI@CdS-1,
PANI@CdS-1.5 and PANI@CdS-2 are 309.5, 211.5 and 143.7 umol-h™"- g, which are almost
4, 3 and 2 times to that of CdS nanospheres, respectively. This result is higher than some other
nanomaterials modifying CdS nanostructures [34, 35], indicating that conducting polymers
modifying CdS is an efficient way for photocatalytic activity and photocorrosion
enhancement. XPS characterization is further performned on the reacted CdS nanospheres and
PANI@CdS-1 after 6 cycles (Fig. S7). The peak at 163.8 eV is related to elemental S [36]. It
clearly shows that the PANI@CdS-1 produces a very small amount of elemental S comparing
to pure CdS nanospheres after 30 h visible-light irradiation. Therefore, it verifies that the
PANI shell can effectively inhibit CdS photocorrosion.

To reveal the mechanism of the photocatalytic hydrogen production, the surface
properties of CdS and PANI@CdS-1 are further investigated by UPS measurement to
determine their electronic structures. Fig. 9a-b presents the UPS spectra in valence band
region and secondary electron cutoff region, respectively. Linear extrapolation is used to
determine the positions of valence band maximum (Eygym) and secondary electron cutoff
(Eseco) positions. By measuring the width of the emitted electrons from the onset of the
secondary electrons up to the Fermi edge and subtracting Esgco from the energy of the
incident UV light (hy), the work function (¢) can be given by the following formula [37]:

@ = hy — Esgco (1).

Here, the energy of Hel as UV source is 21.2eV. According to formula 1, the work functions
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of CdS and the interface between PANI and CdS in PANI@CdS-1 are calculated to be 3.65
and 2.86 eV, respectively, showing that the Fermi Level (Ep) has an obvious vacuum level
shift (0.79 eV). In this situation, the vacuum level shift determined by the secondary electron
cutoff is compensated with the interface dipole formation (A) as shown in Fig. 9c [38].

In vacuum, the valence band of CdS and PANI@CdS-1 is given by the formula below:

EygU'"™ = —(Eypm + @) (2).

Thus the valence band (E}5YY™ ) of CdS nanospheres and PANI@CdS-1 is at -5.98 and
-5.75 eV, respectively. When the work function is identical, the bands of the CdS nanospheres
surface will be flat up to the interface in thermal equilibrium. Thus the EygSY"™of CdS
nanospheres surface upshifts 0.23eV in PANI@CdS-1. Taking into account the band gap
obtained from the UV-vis absorption edge, the conduction band (El4¢YYM) of CdS
nanospheres is at -3.50 eV (a little higher than Eg). This indicates that the energy level of the
CdS surface aligns with those of PANI shell with a finite shift. From the point view of
thermodynamic requirements for photocatalytic reactions, the higher CB band can excite
more electrons and accelerate their transport, leading to enhanced H; evolution.

In addition, the highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) of PANI in PANI@CdS-1 locate at -5.42 and -4.26 eV respectively,
according to our electrochemistry CV test illustrated in Fig. S8 [39]. In thermal equilibrium,
the orbitals of PANI will be bent downward to the interface as schematically shown in Fig. 9c.
As the XPS results mentioned, the CdS nanospheres exhibites behavior of the hole-injecting

semiconductor in this core-shell nanostructure. The orbitals down bent can facilitate

photogenerated holes injecting into HOMO of PANI. Thus, Fig. 9d illustrates the mechanism
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of the PANI@CdS core-shell nanospheres, where the photogenerated electrons produce
hydrogen on the surface of CdS and the photogenerated holes migrate from VB of CdS to
HOMO of PANI to oxidize sacrificial reagent [40]. This significantly separates
photogenerated electrons and holes, resulting in the improvement of photocatalytic hydrogen

production.

4 Conclusions

Monodisperse PANI@CdS core-shell nanospheres have been designed and prepared via
surface modification of the porous CdS nanospheres using proton-doped PANI to explore the
mechanisms of photocatalytic hydrogen production and photocorrosion inhibition. SEM,
TEM, FTIR, UV-Vis, PL, XPS and UPS characterizations have been conducted on the porous
CdS nanospheres and PANI@CdS core-shell nanospheres. The photocatalytic results show
that the PANI@CdS core-shell nanospheres demonstrate largely enhanced photocatalytic
hydrogen production and effective photocorrosion inhibition. On one hand, the newly formed
C-S and/or N-S bonds between PANI and CdS prevent the surface sulfide ions reduced to
sulphur, resulting in efficient photocorrosion inhibition. On the other hand, the PANI shell can
effectively separate the photogenerated carriers via the photogenerated holes migrating from
VB of CdS surface to HOMO of PANI, leading to improved photocatalytic hydrogen
production. Furthermore, the proper PANI thickness is also very important for induced
photons penetration and absorption. This work suggests that using PANI modifying CdS can
improve the applications of CdS on related photocatalytic fields. In addition, our strategy may
shed some light on conducting polymer modifying the photocorrosion semiconductors for

enhanced photocatalytic activities and photocorrosion inhibition.
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Figures and captions
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Scheme 1. (a) partial DOS for the electronic orbital of Cd and S atoms, (b) migration of the

photogenerated electron-hole pairs in the outer surface (OS) and in the inner surface (IS)

under solar light irradiation and (c) schematic illustration of PANI shell coating on the CdS

nanospheres surface.
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Fig. 1. SEM images of the porous CdS nanospheres and PANI@CdS core-shell nanospheres:
(a) CdS nanospheres, (b) PANI@CdS-1, (c) PANI@CdS-1.5 and (d) PANI@CdS-2. The

insets are the optical photographs of the corresponding samples.
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Fig. 2. The XRD patterns of proton-doped PANI, porous CdS nanospheres and PANI@CdS

core-shell nanospheres.
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Fig. 3. FTIR spectra of proton-doped PANI, porous CdS nanospheres and PANI@CdS

core-shell nanospheres.
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Fig. 4. TEM, HAADF-STEM and STEM-EDS elemental mapping images of the PANI@CdS

core-shell nanospheres: (a-b) PANI@CdS-1, (c-d) PANI@CdS-1.5 and (e-f) PANI@CdS-2.
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Fig. 5. Three-dimensional STEM-EDS tomography of PANI@CdS-1: (a) green for cadmium,

(b) blue for sulfide, (c) red for carbon and (d) montage image.
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Fig. 6. (a) UV-Vis diffusion reflectance spectra and (b) PL spectra of CdS, PANI@CdS-1 and
PANI@CdS-1.5. The inset in (a) is the corresponding (aEphoton)? vs. photon energy curves.

The excitation wavelength is 365 nm for PL emission.
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Fig. 8. The photocatalytic hydrogen production rates of porous CdS nanospheres and

PANI@CdS core-shell nanospheres. (a) Rate curves and (b) Volume histogram.
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Fig. 9. UPS spectra of CdS nanospheres and PANI@CdS-1 nanospheres in (a) valence region
and (b) secondary electron cutoff region. (c) Schematic energy level diagram of the
component materials used in the inverted configuration, where the Vacuum Level (Eyy),
Fermi Level (Ep.) and valence band (Eyp) positions are derived from the UPS spectra. The
highest occupied molecular orbital (Exomo), lowest unoccupied molecular orbital (Epumo) and
conduction band (Ecp) is calculated by electrochemical measuring and UV-vis absorption
spectra. (d) Schematic illustrating the mechanism of CdS@PANI core-shell nanospheres for

hydrogen production under visible light irradiation.
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