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Abstract

TiO, nanorods decorated with CdS and®Agere prepared and anchored on to a fluorine
doped tin oxide (FTO) electrode in order to invgstit the photoelectrochemical (PEC)
oxidation of nitrobenzene coupled with simultaneoeduction of water to produce molecular
hydrogen. The modified Tighanorods (Ti@NRs) prepared for 4 h have regular nanoroads with
high superficial area and Ag particles loaded andlarface of nanoroads covered with CdS film
uniformly. The nano-composite T¥ENRs with photochemically active up to 700 nm with
coupled photoconversion efficiencies for nitroberegNB) degradation and hydrogen,(H
production as high as 4.4%. The surface plasmanase (SPR) effect of Ag not only excited

the photo-generated electron of Ag nanoparticles,atso promoted the electron transfer from

"“To whom correspondence should be addressed. E-zhaitgyi@zjgsu.edu.cn.
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CdS to TiQ-NRs. NB as a role of electron donor, reacts wittehlio improve the efficiency of
H, production. The heterostructure electrode for rselaergy conversion had an important

significance for solving environmental pollutionda@nergy crisis.

Keywords: Photoelectrochemical Catalysis; Cadmium Sulfideenigntal Silver; Surface

Plasmonic Resonance; Nitrobenzene and Hydrogen
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1. Introduction

Molecular hydrogen (k) is produced commercially primarily by water etebtfsis [1],
methanol or ammonia decomposition [2], and natgeal-steam reformation [3]. However, the
cost of production in terms of actual environmemtapacts can be quite high. Photocatalytic
(PC), electrochemical (EC) and photoelectrochen{feBIC) production of Hhas been the focus
of much research over the past 30 years [4-6]. Mlagor challenge remains the search for
low-cost, earth-abundant semiconducting materiadd are stable under a broad range of pH
conditions (e.g., 1 M 80O, to 1 M NaOH) and are photo-active through-out ghiene regions
of the incident solar spectrum.

In 1921, Baur and Rebmann [7] reported that sendigotor composites of thalium chloride
(Eg = 3.8 eV) and AgCI (= 3.3 eV) could be used for the stoichiometriatgpg of water upon
absorption of wavelengths of UV light < 370 nm. Band Rebmann showed that an illuminated
mixture of TICI/AgCl semiconductors suspended intewacould achieve stoichiometric
photochemical water splitting in a 2:1 mole ratioH» to O,. Fifty years later, Fujishima and
Honda [8] used a single-crystal of rutile (B)Ophotoanode (= 3.0 eV) coupled with a
platinum black cathode to demonstrate PEC watettisgl at pH 4.7 in an acetic acid/acetate
buffer system mixed into a 0.5 M KCI/KI backgroumetkctrolyte. The anodic and cathodic
chambers were separated by sintered glass diagrgiass frit. During the intervening 46 years
much research has been undertaken to advance derstanding of both pure homogeneous and
heterogeneous water splitting (i.e., no sacrifiel@ctron donors) and facilitated water splitting

involving the oxidation of sacrificial chemical gEnts. However, we are still collectively
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looking for a practical solution without the usepdtinum group metals for PC or PEC water
splitting to produce a viable non-nuclear energyrse for the long-term future (e.g., according
to the Web of Science more than 3000 scientifieepajpave been published based on the use of
three key words: solar, semiconductor, ang). HThese limited sub-set of papers have
accumulated more than 142,000 total citations sit@e6. Key challenges that must still be
overcome include: 1) utilization of earth-abundant low-cost semiconductor photocatalysts, 2)
increase solar light capture efficiency over thevelangth range of 500 to 800 nm, 3) reduce
direct and indirect electron-hole recombinationgdhance interfacial electron transfer efficiency,
and 5) increase overall quantum efficiencies phhkd Q production .

Titanium dioxide (TiQ), because of its catalytic activity, high stalgjliand low cost, is often
used as a photocatalyst or in PEC cells. Howelierband gap of TiQis 3.2 eV, which limits
light absorption to the ultraviolet and limits wserall photocatalytic efficiency in terms of the
solar spectrum _[9]. After more than 40 years oftaymtic investigation of the catalytic
properties of TiQ, a variety of experimental methods have been deeel in order to synthesize
an array of different morphologies of TiGuch as nanotubes, nanorods, nanoplates, and
nanoflowers in order to increase photocatalytic alettrocatalytic activity [10-12However,
the various synthetic modifications have not doneimto extend visible light absorption of %O
above 450 nm. Thus, additional modifications methbdve utilized metal doping, nonmetal
doping, multiple dopants in an attempt to pushtligisorption and catalytic activity higher into
the visible portion of the spectrum [13-15]. Retgnthere are considerable efforts are devoted

to enhance device performance in PEC generatidf, dfy the incorporation of carbonaceous

4



70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

materials, such as multiwall carbon nanotubes (MW$€)N graphene oxide and so on.
Navarro-Pardo et al. [16] prepared graphene oxidbalt-based nanohybrid, which possessed
stable PEC performance for; ldeneration. Selopal et al. [17] combined MWCNT$hwiiO,
and incorporated with CdSe/(CdSe,)s/(CdS) colloidal quantum dots (QDs) for solar energy
conversion to K technology. Tong et al. [18] synthesized ZnS-CIS@Bs-based Ti@
photoanode with high stable, used for device imptdduction.

Among the above researches, substance including 8@ carbonaceous materials showed
superior H generation. The metal or nonmetal materials dopamgextend light absorption into
the visible light and near-infrared region of theestrum, but trapping states and carrier
recombination after doping often limit photocatadydctivity. One of the options is to utilize the
surface plasmon resonance (SPR) effect of metabowd with TiQ to extend light absorption
range, in which Au, Pt, Ag all has the plamoniceefffor collective oscillation of surface
electrons transferred to Tj@inder visible light [19-21]. Combinations of widad narrow band
gap heterojunction semiconductor composites haee beed to enhance charge transfer and to
reduce the electron-hole recombination coupled wbroved light absorption in visible region.
Cadmium sulfide (CdS), an n-type semiconductorhwaitband gap of 2.4 eV has been used in
various forms and composites as aévolution catalyst. CdS can be combined with ;Ti®
form a heterojunction that has been often used @isotocatalyst for solar Hproduction [22].
Although combining CdS with Ti©has been shown to retard photocorrosion and toowepthe
overall lifetime of the composite catalyst. In adzh, the composite catalysts have been shown

to visible light photocatalytic activity and enhanieEC performance of T¥anotube electrodes
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[23-25]. Although the ternary heterostructures cosgad of CdS, mental and TiO
semiconductor were investigated for PEC activiyg ttilization of them as photoanode foy H
production with pollutant as holes sacrificial aggsmains poorly explored.

In this study, TiQ nanorods (TiI@NRs) are combined with Ag nanoparticles and Cdfgrm
CdS/Ag/TiG-NRs photo-electrodes. The characteristics andtreldeemical properties of
composite photo-electrodes were analyzed and BEC activity with respect to Hevolution
with visible light irradiation was studied. The &dts of nanorods length and role of nitrobenzene
(NB) as a sacrificial reagent forlgroduction were also investigated.

2. Experimental M ethods
2.1 Preparation of CAS/Ag/TiOx-NRs

TiO>-NRs were prepared by hydrothermal method [11]ofthe doped tin oxide (FTO)
electrode substrates with dimensions of 2 cmx5 @rewleaned first by ultrasonic irradiation in
acetone, ethyl alcohol, and deionized water eaci%omin and then dried in the air. 50 mL of
50% HCI solution was mixed in 10 min, and then thbtetrabutyl titanate was added with
stirring for 5 min. The pretreated FTO was placedan autoclave along with 25 mL of the
prepared solution and calcined at 170 °C for 4 fotm the TiQ-NRs.

CdS/TiO-NRs were prepared by deposition of CdS on theasarfof TiQ-NRs in
suspension. The solution suspension was composiagatl0 M aqueous ammonia in to 40 mL
of distilled water along with 1.0 mM cadmium suéab mM sulfocarbamide, and TiDIRs.
This suspension was heated at 60 °C for 10 min.filleeed suspension of CdS on THARS

was calcined at 400 °C in,Mor 2 h to produce the final product CdS/FHBRs. Ag/TIO-NRs
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was prepared by UV reduction of 40 g/L Aghl@ the presence of Ti&ENRs. The mixed
suspension was stirred in dark for 1 h and themmithated for 0.5 h using a 500 W Xenon
photolysis lamp in order to produce Ag nanoparsidteaded on to TI&NRS.

The hybrid CdS/Ag/TI@NR catalyst was prepared by deposition of CdScothé¢ surface
of Ag/TiO.-NRs in an aqueous suspension. After depositicddS, the mixture was calcined at
400 °C under K for 2 h resulting in the formation of CdS/Ag/TA®IRs. The experimental
procedure is depicted in Scheme 1.

Scheme 1

2.2 Characterization of CAS/Ag/TiO,-NRs electrode

The crystalline phase was determined by X-ray aifiometer (XRD), while the crystal
lattice and fringe phases were determined by tresssom electron microscope (TEM). The
modified electrode surface was further charactdriby X-ray photoelectron spectroscopy
(XPS). The morphology structure of the modifiedctlede surface was characterized by field
emission scanning electron microscope (SEM) and Efa8. The surface spectral properties of
photocatalytic electrode material were analyzedW#Vis diffuse reflectance spectrometer
(UV-Vis).
2.3 Photod ectrochemical Properties (PEC)

All of the PEC tests were carried out in a threszegbde configuration where the prepared
electrode was working electrode, Pt was countectrelde, and Ag/AgCl was reference
electrode. Under the illumination, Xenon lamp proell visible light at an intensity of 100 mW

cm®. Photocurrent density (J-V) of the CdS/Ag/FBR electrode was determined by linear
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sweep voltammetry of a 0.1 M electrolyte containigS and NaSO; in solution (pH 13.03) in
the absence of NB with a sweep range from -1.0 ¥.60V. The current density is reproducible
and stable, within an acceptable range error of B¥éctrochemical impedance spectroscopy
(EIS), Mott-Schottky (M-S) curves, light conversiefficiencies, and monochromatic incident
photon-to-electron conversion efficiencies (IPCErevdetermined using the same electrolyte at
a bias voltage of 0.4 V and EIS frequency of?1@0°. M-S curves were obtained by the
impedance-potential technique at a voltage rangel.&f V to 0.4 V and scan frequencies of
1000, 2000 and 3000 Hz under dark conditions.

2.4 H, Production and Oxidation of Nitrobenzene (NB)

The formation of H and degradation of NB were tested to analyze tBE Rctivity of
CdS/Ag/TiO-NRs. NB was selected as the electron donor é.sacrificial reagent) to promote
the separation of electron-hole pairs, so that@hmuced electron could be transferred to the
cathode to Kl

The CdS/Ag/TiQ-NR electrode was used as the anode with an eféegeometric electrode
surface area of 4 dnAnd foam nickel was pure and no electrocatalyas weposited on it,
which was used as cathode with the electrode aistah2 cm. All of the PEC tests were carried
under visible light irradiation at> 420 nm and bias voltage of 0.5 V. The PEC test®warried
out using online detection of ;Hproduction under a slight vacuum, Mas analyzed by gas
chromatography (GC) with Nas the carrier gas at a gas pressure of 0.1 MBadatector
temperature of 110 °C. The electrolyte solutionsisted of 30 mg t of NB in 0.5 M NaS and

NaSO; solution (pH 13.64). The concentration of NB wasalgzed by high performance liquid
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chromatography (HPLC) with Diamonsil C18 revers&gm and detection wavelength of 262
nm. The ratio of mobile phase of methanol: deiothiz@ater: glacial acetic acid is 49: 50: 1 with
the flow rate of 1 mL min.
3. Results and Discussion
3.1 Electrode Materials Characterization

3.1.1 Elements analyses

Figure S1 shows the XRD patterns of FHEORs, Ag/TiG-NRs, CdS/TiG-NRs and

CdS/Ag/TiO-NRs electrodes. It can be seen that an adsorpéak at 8 = 26.5° corresponding
as CdS (002) [26,218 present on CdS/T¥ENRs and CAS/Ag/TiI©ONRs electrodes. Ag presents
at = 44.7° as the crystal face (200) of Ag on Ag/FNIRs and CdS/Ag/TiI@NRs electrodes
indicating that metallic Ag was stable on compositctrodes whether CdS was loaded or not.
Since the (200) Ag was low, XPS analysis was cauigt for intensive study.

The XPS spectra of CdS/Ag/TiDRs with Ag, Cd and S elements are shown in Fidure
The CdS/Ag/TIQ-NRs electrode contains Ti, O, Ag, Cd and S witn itiiain peak of C at 284.8
eV corresponding to calibration peak of C-1s. Theling energy peaks of Ag is 373.88 eV and
367.87 eV correspond to Ag sgdand Ag 3dp, respectively. This is consistent with metallic
silver on the surface [28,29]. The binding energaks of Cd and S at 412.29 eV, 405.53 eV,
163.04 eV and 161.82 eV correspond to Cgh38d 3d,, and S 2p, respectively [30-33]. These
results confirm that CdS and Ag are loaded on tinfase of the TIQ-NRs.

Figure 1

3.1.2 Microstructures
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Figure 2 shows the SEM imagines of HFHBRs, Ag/TiG-NRs, CdS/TiG-NRs, and
CdS/Ag/TiO-NRs. As shown in longitudinal section imaginestioé electrodes in Figure 2,
TiO, deposited first on the base of FTO. After the gngahe thickness of the TiCfilm to
greater than 450 nm, the THDIRs started to grow vertically and the length dDFNRs was
about 1.2um with diameters close to 100 nm. Figure 2a anefad the growth of TIQNRs
uniformly on FTO. Figure 2c and d show the Ag pdes uniformly uploaded on the surface and
interval of TiQ-NRs. The pattern of CAS/T¥ENRs was similar with that of Ti&NRs as shown
in Figure 2e and f. This indicates that CdS wagl®gized as film covering the surface of the
TiO2-NRs. There is a co-loading of CdS and Ag on th#ase of TiQ-NRs (Figure 2g and h).
In these cases, the Ag nanoparticles were obseamddthe CdS film covered both Ag and
TiO,-NRs. In addition, EDS mapping of section SEM imdge CdS/Ag/TiQ-NRs also
confirmed the evenly distribution of Ag and CdSidlesthe TiQ-NRs (Figure S2).

Figure 2

In addition, the effect of the reaction time foOFNRS growth was investigated as the growth
length of TiQ-NRs was higher with longer reaction times. FigBBshows the SEM images of
CdS/Ag/TiO-NRs at different growth times of the TiDIRs. All of CdS/Ag/TiO-NRs
electrodes were loaded with Ag nanoparticles asveHmoth on top and on the vertical profile of
the TiO-NRs. At a growth time for the TENRs of 3 h, the nanorods were slender and skewed
as shown in Figure S3 a and b. When the growth ¢fMEO,-NRs was 4 h, the nanorods grew
regularly with high surface area and Ag nanopasicuniformly loaded on the surface of

nanoroads shown in Figure S3 ¢ and d. As shownigar& S3 e-h, when the growth time of

1C



196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

TiO>-NRs was longer than 4 h, the diameters and lengthsnorods increased and the gaps
among the nanoroads decreased. In this case, thagparticles were mainly loaded on the top
of the TiQ-NRs and the intervening gaps were filled with CdS.

The further understand the composite structure amafphology, TEM images of
CdS/Ag/TiG-NRs were obtained and summarized in Figure 3abarithese figures show the
overall morphology of CdS/Ag/TiENRs as a function of the magnifications level angistent
with the loading of Ag CdS film on the surface th#,-NRs. Figure 3c shows the partial
enlargement of TEM image of CdS/Ag/®Rs in which a CdS film appears to cover the
TiO2>-NRs and also the Ag nanoparticles. Using Digitaidgraph software, the spacing of the
lattice fringes are determined to be 0.325 nm, D.28, and 0.341 nm corresponding to FiO
(110) [34], Ag (200) [35], and CdS (002) [36] caiine facets, respectively. These results are
consistent with XRD and XPS observations.

Figure 3
3.1.3 Optical Absorption

Figure 4 shows the UV-vis diffuse reflectance spmecdtf TiO-NRs, Ag/TiO-NRS,
CdS/TiO-NRs, and CdS/Ag/Ti@NRs over the wavelength range of 250 to 850 nne ifiset
plot provides the KubelkaMlunk transformed reflectance spectra for the dffé electrodes.
Bare TiQ-NRs absorb light mainly in the ultraviolet regiaith a band gap energy of 3.02 eV.
The absorption spectrum of Ag/TiMIRs was red shifted toward 500 nm with a corredpan
band gap energy of 2.32 eV, which may be due ihtpahe SPR effect of noble metal element

Ag combined with n-type semiconductor Ti@ith the SPR peak at approximately 470 nm. In
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addition, the band energy gap of CdS is 2.4 eV. dimulative effect is a shifting of absorption
spectrumi < 500 nm [37, 38]. For the comparison, the band gaergy of CdS/TiQwas
determined to be 2.25 eV. When Ag and CdS are aoedbivith TiQ-NRs, the adsorption
spectrum of composite or hybrid material CdS/AgLFNIRs shifted even further to 700 nm with
an energy gap of 1.57 eV. The strong absorptiork pear 600 nm is attributed to the SPR
effects of the Ag nanoparticles. The red shifteghedik due to the CdS layer enveloping the Ag
nanoparticles has a large refractive index. Thius, addition Ag results in a hetero-junction
catalyst when combined with CdS/T®Rs that is enhanced in due to the impact of SPR
excitation and improved electron transfer ratestdute lowering of the Shottky barrier lowing
effect of Ag to the base support.
Figure 4

Figure S4 shows the UV-vis diffuse reflectance sp@c of CdS/Ag/TiQ-NRs versus time
of composite growth over the wavelength range dd 2@ 850 nm. The CdS/Ag/THENR
composite has its highest absorption over the rah@®0-700 nm that takes place at a time less
than 4 h of sintering. This effect is most likelyedto several factors. At growth time less than 4
h, the diameter and length of the nanorods quitallsas shown in Figure S3 a and b with a
corresponding high surface area and loading capadiiwever, if the growth time is greater
than 4 h, a lateral overgrowth of the nanorods cwith an increase in diameter and a decrease
in the gap distance between the nanorods (alsorsimowigure S3 e-h). As a consequence, the
specific surface area is less and the loading dypdecreases. Thus, the optimal nanorod

structures are found near 4 h of net reaction tmferm uniform TiQ-NRs.
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3.2 PEC properties of the electrodes

3.2.1 Photocurrent responses

The LSV of the CdS/TiNRs and CdS/Ag/TiNRs electrodes under visible or UV-Vis
irradiation are shown in Figure 5a. The photocuraensity of CdS/Ag/TI@NRs was almost
double that of the CdS/T¥ENRs under both visible and UV-Vis irradiation. Thhotocurrent
densities of TIQ-NRs and Ag/Ti@-NRs were barely detected under visible light iraéidn. The
photocurrent density of the composite CdS/AghLFNIRs electrodes under the visible light
irradiation ~12 mA cif at a bias voltage of +0.6 V vs SCE, which is appnately 85% of
photocurrent density under UV-Vis light irradiati¢mearly 14 mA cni at bias voltage of 0.6 V
vs SCE). This result clearly shows that the CdSTAQ-NRs electrode has a significant visible
light response capacity that allows for the PEQdpobion of B under visible light irradiation.
CdS, CdSe and their composites combined with, T&EDch as TiQCdSe/(CdSES,;x)s/(CdS)
QD-MWCNT [17], CdS/CdSe/Ti®[39], CdSe/TiQ [40], PAS@CdS/ZnS/TigJ41]) could yield
higher than 10 mA cih photocurrent density for H formation by PEC process, so
CdS/Ag/TiO-NRs prepared in our study (nearly 14 mATat bias voltage of 0.6 V vs SCE) is
similar with the references.

Li et al. [27] had prepared a CAdS/Au/R@T composite electrode with a high photocurrent
response. We also prepared a CdS/AufNDs electrode for comparison and measured the
photocurrent as shown in Figure 5a. The photoctidensity of the CdS/Au/TIONTSs electrode
is lower than that of CdAS/Ag/T¥ENRSs but higher than that of CdS/THRs electrode. The Ag

deposited between the TiDIRs and overcoated CdS film results in more plygoerated
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electrons produced by the SPR effect of Ag andirtiroved electron transfer rates between
CdS and Ti@NRs.

Figure 5b shows LSV of CdS/Ag/TKNRSs with different growth time at bias voltageGoé
V vs SCE. With the growth time increased to 4 le, pinotocurrent density increased twice than
that of 3 h and had little electron-hole recomborat Under a long time irradiation, the
photocurrent density of CdS/Ag/T#INRs with growth time of 4 h maintained stable labat 9
mA cm? At growth times greater than 4 h, the resultingotpcurrent density of
CdS/Ag/ITiO-NRs electrodes decreased. It was probably duéhgontorphology change of
CdS/Ag/TiG-NRs. At a growth time for the T¥ENRs of 3 h, the nanorods were short, thin and
skewed, which limited the load of silver and CdStloa surface of TINRs. When the growth
time reached to 5 h, the crystal growth rate stéwtdecrease as the system approaches
equilibrium resulting in TiQ film formation [11]. While, at the growth time d@f h, TiO,-NR
were shape integrity with Ag and CdS distributedfarmly. In addition, the CdS/Ag/Ti@NR
composite for 4 h sintering has the highest absormiver the range of 500-700 nm resulting in
highest photocurrent density.

Figure 5
3.2.2 Electrochemical properties

Impedance and charge transfer characteristicseottimposite electrodes where measured
using EIS as shown in Figure S5. The results shatthe ternary composite electrode has the
smallest impedance radius compared to the binactredes, and the naked T#Rs electrode

under both dark and light conditions. The low impeck of the CdS/Ag/TIONR electrode

14
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bodes well for charge separation and subsequectt@ieand hole transfer with an applied bias
potential [42-44].

The M-S curves obtained for the BHARs (a), Ag/TiG-NRs (b), CdS/Ti@NRs (c) and
CdS/Ag/TiO-NRs (d) electrodes are shown in Figure 6. Thelftatd potentialEs,, of the bare
TiO>-NRs electrode is -0.34 V. Madification with Ag form Ag/TiO,-NRs shifts theEg, to
-0.74 V, which indicates that modified electrodesnfed a Schottky barrier and that the Fermi
level energies of Ag and TiQwvere equal. Since the conduction band of CdS iremegative
than TiQ, theEg of CdS/TiQ-NRs shifts negative to -0.59 V. Addition of AQ@uS/TiG-NRs
shifts the Ep of CdS/AQ/ITIQ-NRs -0.78 V. The slightly more negativé&y, for
CdS/Ag/TiG-NRs implies a stronger driving force for PEG dg&neration.

Figure 6
3.2.3 Solar energy conversion efficiency
The photoconversion efficiency of the Ag/BH8IRs, CdS/TiGQ-NRs and CAdS/Ag/TIONRSs
electrodes was determined by the photocurrentfasaion of the applied bias voltage [45-47],
as shown in Eq. (1):

(%) = j [EY, —\Eapp\] x100/1 (1)
wherej, is the photocurrent density (mA @nunder bias voltag&’ .y is the standard reversible
potential (1.23 V vs. NHE)E.pp is the applied potential (vs. SCE) calculated Iy électrode
work potentialEmeas (vS. SCE) subtracting open circuit voltaBg,. (vs. SCE), and, is the

instantaneous incident light intensity (100 mA 9mAs shown in Figure 7a and b, the

photocoversion efficiency of the Ag/THNR electrode virtually no photocurrent responseasn
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visible light irradiation. At the bias voltage of40V vs. SCE, the photoconversion efficiency of
the CdS/TiG-NR electrode reached a maximum of 2% while the /8d8i0,-NR electrode
achieved a maximum efficiency of 4.4%. The CdS/AQLINT electrode as prepared by Li et al.
[27] had a maximum photoconversion efficiency &%, while the photoconversion efficiency
of our CdS/Ag/TIQ-NR electrode was 1.5 times higher than the Au da&bectrode. This result
shows that the intervening Ag nanoparticles betw@d8 and Ti@-NRs improved the relative
photoconversion efficiency.

Figure 7c shows the IPCE of THDIRs, Ag/TiO-NRs, CdS/Ti@-NRs and CdS/Ag/TiIiONRs
based electrodes. Naked BiRs electrodes had very little absorption aboveé df, but the
IPCE of modified TiQ-NRs electrodes were enhanced at 420-650 nm. Is daise,
CdS/Ag/TIO-NRs has a maximum IPCE = 43% at 470 nm. Figuresiiows the IPCE
enhancement factor of the various electrode fortimra. The CdS/Ag/TIQNRs electrode had
the maximum enhancement factor of 112 times condptwethe naked TiI®NRSs electrode.
For comparison, and the CdS/T#Rs electrode had a 90 times higher IPCE comptrdde
naked TiQ-NRs electrode at < 500 nm. These results shown Ag nanoparticle®niyt extend
the visible light response of the base FNRs, but also enhance the IPCE of CdS/Ag/INRS
composite electrode.

Figure 7
3.3 Production of H,
In Figure 8a the PEC production of En the different electrode formulations is compare

The production Hon CdS/TiQ-NRs is higher than that on Ag/TiDIRs. The observed surface
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area normalized rate of;Hproduction was 0.05 mmol‘trcnmi?in 1 h. However, as the photolytic
reaction time increased, the production rate gdétreased. This may be due to photo-corrosion.
The addition of Ag nanoparticles to CdS/FNRs resulted in a Hproduction rate that was
slower than on CAS/TiENRs over the first 2 h, but at longer irradiatibmes the three
component hybrid electrode obtained a gttt = 0.09 mmol i cm®.

As shown in Figure 8b, the production of, Hhcreased to maximum level on the
CdS/Ag/TIO-NR electrode as the nano-rod growth time increased h. Beyond 4 h the
production rate of Hdecreased with further increases in growth timtee 3EM images of the
CdS/Ag/TiG-NRs as shown in Figure S1 grow uniformly up to 4arfd also have a relatively
high specific surface area leading to a higher diépa level of Ag nanoparticles and a greater
degree of coverage of the TH®Rs by the deposited CdS films that in turn leimdan enhanced
PEC production of K

The production of KHon the CdS/Ag/TI@NR electrode under EC, PC and PEC excitation is
shown in Figure 8c. fproduction is very low under PC and EC activatidowever, under the
PEC activation, Biproduction is substantial and a function of theeexal applied potential.

In Figure 8d the degradation of NB is 96% aft@rndin of photo-electrochemical activation.
In comparison, activation by photons or an applexdential alone achieves a degradation
percentatge for NB of approximately 20% and 10%peetively, after 50 min of excitation. In
the absence of catalytic surface, NB was degraéethe0 min in the electrolyte solution alone.
The sacrificial reagents, Ha&nd HSG@/SO;* are frequently used reducing agents. For example,

nitrobenzene (ArNg) has a reported 6-electron reduction potentiat®83 V, while HS going
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to elemental sulfur has an oxidation potentialGo14 V. Thus, the reduction of ArN@vith H,S
should result in ArNH (i.e., aniline) as follows: ArN©+ 3H,S = ArNH, + 3S + 2H,0. (B, =
+0.69 V). Alternative reduction products of ArNQeacting with HS would be ArNO
(nitrosobenzene) and ArNHOH (phenyl hydroxl amioe)the way to ArNH[48,49].

Figure 8

The impact of NB addition on the observed ptoduction rate is shown in Figure S6.
However, the addition of NB did not appreciablyeatf H, production rate, although the amount
of H, produced with additional NB was more than in thsemnce of NB. The photocurrent
density obtained in the presence or in the absehbd# was shown in Figure S7 also shows that
the presence of NB has no significant effect ondimeent density, only a small higher than the
absence of NB, which was similar with the effectHfproduction. In addition, NB appears to
impede the photo-corrosion of CdS.

The stability of the CdS/Ag/TIENR electrode in terms of Hproduction over six cycles
carried out in mixture of 0.5 M N& and NaSO; in the presence of 30 mg'Lof NB was
determined. As shown in Figure S8, the composit8/8d/TiO,-NR electrode is stable for more
than 30 h of total reaction. The Faradaic efficienmf H, was calculated and depicted in Fig.
S9 reached 65.83% after 6 h and the picture ofymtoeh of H on the foam nickel was shown in
Fig. S10. Since the current is displayed directlyhe power supply with two-electrode system
but not a three electrode cell configuration, theaaic efficiency is calculated slightly low.

3.4 Proposed PEC mechanism of CdS/Ag/TiO,-NRsfor H, production
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CdS is a narrow gap semiconductor, which is susslefb photo-corrosion especially under
high light intensities. This problem can be overedny using sacrificial electron donors such as
NaS and NaSG; for trapping the valence-band hole and preventegoxidation of sulfide to
sulfate within the solid phase. In our study, rbigpnzene serves as an electron donor (i.e., a
sacrificial reagent) instead of S0;” that reacts with a surface trapped hole and teamsin
electron to the high redox potential hole. On the band, electron-hole pairs were separated and
photo-induced electron was transferred to the cittior H, production. At the same time, NB is
oxidized further due to a diffusion controlled reac with oxygen.

A plausible mechanism for the electro-catalyticctems taking place on photo-activated
CdS/Ag/TiO-NRs is shown in Scheme 2. Under the visible lighadiation condition, CdS
absorbs over a broad range to produce conductiod électrons within CdS that can be further
captured by Ag. In addition, the SPR phenomenoméakr by a combination of Ag and an n-type
semiconductor (e.g., TEpgenerates additional electrons for water or proemuction.

Scheme 2

Photo-activation of CdS/Ag/T#¥ENRs results in little K production. However, under an
applied potential bias, photo-generated electroritke conduction band of CdS are transferred to
first to Ag and then subsequently to Fj@nd then to the cathode resulting in the ger@rsatof
H,. An additional driving force is provided by thepact of SPR taking place on Ag, which
leads to facilitated transfer to TiQwhich is attached to the cathode surface. Sutfaced Ag
formed because of the SPR effect can be reducédibay’ as mediated by CdS.

The most likely sequence of reaction steps arelasifs:
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399

400

401

402

403

404

CdS + hv— CdS () + CdS (& )

CdS (§ + Ag— Ag (e) + CdS (3)

Ag (e) + TiIO, —TiO, (e) + Ag 4)

Ag + hv— Ag* (5)

Ag*+ TiO, — Ag™ + TiO, (€) (6)

Ag" + CdS— Ag + CdS (H) 7)

TiO, (e) — external circuit» cathode (¢ (8)

€+H - %H, 1 (9)

h"+NB— ...... — small molecular byproducts ...... — CO, + HO (10)

4. Summary

A composite electrode composed of CdS/AghFNIRs was synthesized and characterized.
Based on Ti@NRs at a growth time of 4 h, ternary compositetetele showed the best PEC
performance. The production ot lleached 2.24 mmol under 6 h visible light irraidiatwith the
production rate of 0.09 mmol‘tcmi®. Its PEC activity was quantified and shown to fieative
for H, production combined with the degradation of nieobene. The enhanced electrochemical
activity is attributed to: 1) the formation of Sdtky bridge between silver and the n-type
semiconductor, titanium dioxide, which resultedailsPR effect that extended the visible light
absorption range up to 700 nm for the semiconduefectrode; and 2) the improved
charge-transfer rate due to the low Schottky barok the Ag-composite that effectively
inhibited the electron-hole recombination. Since @dS/Ag/TiQ-NRs electrode could produce

H, accompanied by degradation of NB under visiblatligadiation, it would be probably using
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other contaminants as sacrificial reagent rathan tbodium sulfide and sodium sulfite fop H
production in the future. It is a prospective miaefor solar H production combined with
pollutants degradation in order to greatly reducke tenergy consumption and
eliminate environmental pollutants.
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Figure captions:

Scheme 1 The experimental preparation diagram 8fAgTIO,-NRs

Figure 1 XPS of overview element (a), Ag (b), Cj & (d) of the CdS/Ag/TI&NTSs electrode
Figure 2 Front (left) and section (right) SEM ofOkNRs (a, b), Ag/Ti@-NRs (c, d),
CdS/TiO-NRs (e, f) CdS/Ag/TI@NRs (g, h)

Figure 3 TEM of CdS/Ag/TI@NRs electrode (a, b), the partial enlargementdbBg/TiO,-NRs
(c) and HRTEM image of CdS/Ag/TKNRS (d)

Figure 4 UV-visible diffuse reflectance spectrumdathe corresponding Kubelka—Munk
transformed reflectance spectra (inset pictureYi@h-NRs, Ag/TiO-NRs, CdS/Ti@-NRs and
CdS/Ag/TiO-NRs

Figure 5 LSV of different electrodes under visiblight or UV-Vis irradiation (a) and
CdS/Ag/TiO-NRs with different growth time under visible ligintadiation (b) (electrolyte: 0.1 M
Na,S and NaSO;, pH 13.03, light density: 100 mW &hn

Figure 6 Mott-Schottky curve of TUNRs (a), Ag/TiQ-NRs (b), CdS/TigNRs (c) and
CdS/Ag/TIO-NRs (d) (electrolyte: 0.1 M N& and NaSGs)

Figure 7 Current density (a), photoconversion gficy (b), IPCE (c) and IPCE enhancement
factor (d) of different electrodes (electrolytel M NaS and NaSO;, pH 13.03, light density:
100 mW cnf)

Figure 8 H generation by Ag/TIONRs, CdS/Ti@-NRs and CdS/Ag/TI@NRs electrodes (a), by
CdS/Ag/TIO-NRs with different growth time, production of;Hc) and degradation of NB (d)
with CdS/Ag/TiQ-NRs under EC, PC and PEC processes (electrolygeMONgS and NgSO;

and 30 mg [* NB, pH 13.64, light power: 500 W high pressurelaigp > 420 nm)



Scheme 2 Possible hydrogen production mechanisgnesiia
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Highlights:

« TiO, nanorods decorated with CdS and Ag® were prepared and anchored on to a
FTO electrode.

« Simultaneous oxidation of nitrobenzene coupled with reduction of water to
produced Hs.

* Ag particles loaded on the surface of TiO, nanoroads covered with CdS film
uniformly.

» Photoconversion efficiencies for nitrobenzene degradation and H, production as
high as 4.4%.

» The heterostructure of CAS/Ag/TiO,-NRs electrode has solar energy conversion in

PEC system.
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