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The photocatalytic activity of the hybrid catalysts of CdS/P25 was studied under visible-light irradiation. 

The CdS quantum dots sensitized P25 (CdS QDs-P25) showed extremely enhanced activity in the 

reduction of o-chloronitrobenzene (o-CNB) by comparing to CdS-P25 prepared by the direct deposition-

precipitation method in the presence of HCOOH. The synergistic effects between CdS QDs and P25 10 

could benefit the separation of photogenerated carriers in space and thus the combination of 

photoelectrons and holes was prevented, and the CdS QDs could provide more photocharges than CdS 

due to the particle size effect. Furthermore, the process of the photocatalytic reduction in present system 

was investigated, under the irradiation of visible-light, the photogenerated electrons transferred from the 

valence band (VB) to the conduction band (CB) of CdS QDs, and injected into the CB of inactivated P25. 15 

Meanwhile, the holes generated in the VB of CdS QDs could oxidize HCOO¯ to give •CO2¯ and H+. 

Then, o-CNB was reduced to o-chloroaniline (o-CAN) by the couple of e¯ and •CO2¯ with H+. It is a 

significant method and green process for hydrogenation of nitrocompounds, which may have a great 

potential application in the reduction of various organic chemicals. 

1. Introduction 20 

Photocatalysis has received increasing interests owing to its 

potential applications in organic synthesis reaction,1-3 

environmental cleaning4,5 and H2 energy generation.6-9 TiO2-

based materials are one kind of the most extensively studied 

semiconductors for photocatalysis due to their strong oxidizing 25 

ability, high stability, low cost and nontoxicity.10 However, they 

can be only activated by ultraviolet (UV) lights due to the large 

energy bandgap (Eg=3.2 eV), which accounts for less than 5% of 

sunlight and limits their practical applications. Moreover, the 

rapid recombination of photogenerated electrons and holes will 30 

lead to the low photocatalytic activity of TiO2. Some methods 

have been explored to overcome these drawbacks, one of which 

is coupling TiO2 with semiconductor, which has more narrow 

band gap and higher CB, such as CdS,11 Cu2O,12 Bi2WO6,
13 

ZnFe2O4,
14 AgIn5S8 

15 and Ag3PO4 
16. CdS is the most studied one 35 

due to its relatively high absorption coefficient in the visible light 

region except for the narrow band gap (Eg=2.42 eV) and the high 

CB.17 In the CdS/TiO2 composite, visible light can be harvested 

by the narrow-band gap semiconducting CdS component, while 

the photogenerated electrons in CdS migrate into the CB of TiO2. 40 

Such a charge-transfer process leads to a spatial separation of the 

photogenerated electrons and holes and a decrease of their 

recombination rate. Thus, the photocatalytic efficiency is 

enhanced. The CdS/TiO2 composites in various morphologies 

have been prepared via different synthetic routes.18-32 From the 45 

standpoint of synthesis, the hybridization of TiO2 with CdS is 

mainly achieved by the deposition of CdS nanoparticles to the 

surface of anatase- or rutile-structured TiO2 microcrystal.33,34 

Such a surface sensitization is not so effective in transferring 

electrons between CdS and TiO2, because of the limited contact 50 

of them. Thus, it is necessary to explore the hybrid material of 

CdS-TiO2 with stronger contact. The cadmium sulfide quantum 

dots (CdS QDs) have size-dependent bandgaps and high cross 

sections for multiphoton absorption,35,36 which can yield multiple 

electron-hole pairs following the absorption of a single photon 55 

under certain conditions.37,38 To intimately attach CdS QDs to 

TiO2, one effective route is linker-assisted assembly by 

bifunctional molecules.21,39-42 Linker-assisted assembly may 

afford greater control over the size and the electronic properties 

of the adsorbed QDs, and control over the distance and the 60 

electronic coupling between QDs and TiO2.
43,44 It was reported 

that mercaptopropionic acid was used as bifunctional linker to 

couple CdS QDs with the mesoporous TiO2, and the formed CdS 

QDs-TiO2 with the linking molecule of mercaptopropionic acid 

exhibited higher stability and activity than CdS-TiO2 prepared by 65 

direct deposition.45 Moreover, CdS-trititanate nanotube 

composite material with the linking molecule of 

mercaptopropionic acid was reported to be effective for the 

visible light-induced photocatalytic water splitting.46 

Catalytic hydrogenation is one of the most important reactions, 70 

in which autoclaves and the handling of hydrogen is generally 

required. By comparison, the transfer hydrogenation with 

hydrogen source such as formic acid, formate, hydrazine, and 
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sodium borohydride provides an attractive alternative. Very 

recently, increasing attention has been paid to the photocatalytic 

reduction of organic compounds,47-53 Kominami et al. reported 

that TiO2 was an active photocatalyst for the photoreduction of 

nitroarenes to aminearenes in aqueous solution in the presence of 5 

hole scavengers under UV irradiation.47 Wu et al. reported that 

microcrystalline SrBi2Nb2O9 and nanocrystalline PbBi2Nb2O9 

were efficient catalysts for the photoreduction of p-nitroaniline to 

p-phenylenediamine in aqueous suspension under UV and visible 

light irradiation.48,54 They also studied the photoreduction of p-10 

nitroaniline over TiO2, ZnO, PbBi2Nb2O9 and CdS in the 

presence of CH3OH, C2H5OH and i-C3H7OH.49 However, the 

photocatalytic mechanism is still not clear, and the photocatalytic 

activity needs further to be improved. 

To enhance the photocatalytic activity, CdS QDs were 15 

intimately tethered to the surface of TiO2 by using L-cysteine, in 

which thiol and amino groups were binded strongly to the surface 

of CdS QDs and the carboxyl group was firmly binded to the 

surface of TiO2, forming CdS QDs-TiO2 with stronger contact. 

For comparison, CdS-TiO2 was also prepared by the direct 20 

deposition-precipitation method. The photocatalytic activity of 

the above catalysts was studied in the reduction of o-

chloronitrobenzene (o-CNB) under the visible light irradiation. 

Moreover, the mechanism of the photoreduction over CdS QDs-

TiO2 was proposed. 25 

2. Materials and methods 

2.1. Material Preparation 

P25 was purchased from Acros Organics and used as received. 

Ethanol, NaOH, CdCl2•2.5H2O, Na2S•9H2O, L-cysteine, 

(COOH)2, HCOOH, HCOOK, HCOONa, HCOONH4 and o-CNB 30 

from Beijing Chemical Reagent Cooperation, are of analytical 

grade and used without further purification. Gas of N2 (99.999%) 

and H2 (99.999%) (Changchun Xinxing Gas Company) was used 

as delivered. 

In a typical preparation, 27.3% CdS QDs-P25 was synthesized 35 

as follows: 0.68 g L-cysteine was dissolved into 30 ml deionized 

water with stirring. Then 0.24 g P25 was dispersed in the above 

solution under vigorous stirring. CdCl2 (0.34 g) aqueous solution 

(6 ml) was then added. Thereafter, the pH value was tuned to 

12.5 with 1 M NaOH solution and Na2S (0.19 g) aqueous solution 40 

(15 ml) was slowly added. The solution was refluxed at 383 K for 

5 h. The resulting composite was centrifugated and washed with 

distilled water, and dried at 353 K for 12 h. As determined by 

ICP, The content of CdS (mass ratio) in the CdS QDs-P25 was 

denoted as x%, and four samples with x=15.7, 19.6, 27.3, 31.7 45 

were prepared. Pristine CdS QDs was also synthesized following 

the same procedure as mentioned above without the addition of 

P25. 

CdS-P25 was prepared by a deposition-precipitation method.55 

In a typical preparation, CdCl2•2.5H2O (0.46 g) was added to 30 50 

ml ethanol. After the cadmium salt dissolved completely, P25 

(0.67 g) was added, and the solution was stirred vigorously at 343 

K, a Na2S (2.30 g) aqueous solution (80 ml) was then dropwise 

added. After stirring for 7 h, the resulting composite was 

centrifugated and washed with distilled water, and dried at 353 K 55 

for 12 h. As determined by ICP, four samples with x%=15.0%, 

30.0%, 47.5%, 61.2% were prepared. Pristine CdS was also 

synthesized following the same procedure as mentioned above 

without the addition of P25. 

2.2. Characterization 60 

Powder X-ray diffraction (XRD) was performed using a Bruker 

D8 Advance X-ray diffract meter with a Cu Ka source at 40 kV 

and 40 mA. 2θ scans were performed from 10o to 90o at a 4o/min 

speed. Transmission electron microscopy (TEM) was carried out 

in a JEOL JEM-2010 instrument operating at an accelerating 65 

voltage of 200 kV. The TEM samples were prepared by 

dispersing the catalyst powder in ethanol under ultrasonic for 5–

10 min and then the resulted solution was dropped on a carbon 

film of copper grid. Fourier transform infrared spectra (FT-IR) 

were measured on a Vertex Perkin-Elmer 580BIR 70 

spectrophotometer (Bruker) with the KBr pellet technique. X-ray 

photoelectron spectroscopy (XPS, VG Microtech 3000 Multilab) 

was used to examine the electronic properties of the 

photocatalysts. The C 1s peak at 284.6 eV arising from 

adventitious carbon was used as reference. This reference gives 75 

binding energy values with a precision of ±0.2 eV. Diffuse 

reflectance UV/vis spectra were recorded with a Shimadzu UV-

3100 PC spectrophotometer. 
13C CP MAS spectra were recorded on a Bruker AVANCE III 

400 WB spectrometer equipped with a 4 mm standard bore 80 

CPMAS probehead whose X channel was tuned to 100.62 MHz 

for 13C and the other channel was tuned to 400.18 MHz for broad 

band 1H decoupling, using a magnetic field of 9.39T at 297 K. 

The dried and finely powdered samples were packed in the ZrO2 

rotor closed with Kel-F cap which were spun at 5 kHz rate. The 85 

experiments were conducted at a contact time of 2 ms. A total of 

10000 scans were recorded with 3 s recycle delay for each 

sample. All 13C CP MAS chemical shifts are referenced to the 

resonances of adamantane (C10H16) standard (δCH2=38.5). 

2.3. Photoelectrochemical Measurement 90 

Working electrodes were prepared as follows: 20 mg of sample 

was ground with 0.5 ml terpineol. The slurry was then coated onto 

an indium−tin oxide glass by the doctor blade method. These 

electrodes were preliminary dried at 80 °C and calcined at 200 °C 

for 1 h under Ar atmosphere. All investigated electrodes had a 95 

similar film thickness. Photocurrents were measured using an 

electrochemical analyzer (CHI660D Instruments) in a standard 

three electrode system by using the prepared sample film as the 

working electrodes (an effective area of 2 cm2), a Pt flake as the 

counter electrode, and saturated calomel electrode as the reference 100 

electrode. Bias potential applied on the working electrode was 0.5 

V. A 300 W Xe-lamp (Beijing Trusttech Co. Ltd., China) served 

as a light source to irradiate the working electrode from the back 

side. A 0.1 M NaClO4 solution was used as the electrolyte. 

2.4. Photocatalytic Activity Measurement 105 

In a typical photoreduction process, catalyst (20 mg), o-CNB 

(0.25 mmol), HCOOH (1.5 mmol) and H2O (5 ml) were 

successively charged into the self-designed quartz reactor. Then, 

the reactor was sealed and flushed three times with N2 to remove 

the air. After flushing, the reactor was heated up to 35 oC. The 110 

reaction mixture was stirred in the dark for 20 min to ensure the 

establishment of adsorption–desorption equilibrium between the 
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catalyst and o-CNB. Then, the photoreduction was initiated by 

irradiating with one 300 W Xe lamp (CEL-HXUV 300, Beijing 

CHN EDU AuLight Co.). All the lights with the wavelength less 

than 420 nm were cut off by an optical filter (UV-CUT 420). The 

reaction system was stirred vigorously at 1200 rpm to eliminate 5 

diffusion limit. After reaction for 2 h, the product was extracted 

with 5 ml diethyl ether and analyzed with a gas chromatograph 

(GC-Shimadzu-2010, FID, Capillary column, Rtx-5 30 m × 0.25 

mm × 0.25µm), and identified by gas chromatography/mass 

spectrometry (GC/MS, Agilent 5890). The conversion and 10 

selectivity were calculated using the following equations: 

 

 
where mo-CNB, mo-CAN, and mby-products represent the mole ratio of 

o-CNB, o-CAN, and by-products in the mixture, and the carbon 15 

balance values calculated from o-CNB, o-CAN and by-products 

are around 100%. 

The gas products were collected and analyzed with a gas 

chromatograph using the TCD detector (TDX-01, 2 m) and 

identified with pure H2, O2, CO and CO2 to confirm the 20 

production of H2 and CO2 during the reaction. The H2 or/and CO2 

produced during the reaction has been collected by water 

removing method with saturated NaHCO3 and calculated by the 

ideal gas equation. In the absence of o-CNB, the mole ratio of 

H2:CO2 was 1:1, but in the presence of o-CNB, only CO2 was 25 

detected. 

3. Results and discussion 

3.1 Characterization of CdS-P25 and CdS QDs-P25 

FT-IR spectroscopy was measured to examine the existence of L-

cystine in the prepared CdS QD-TiO2 sample with CdS as a 30 

reference (Fig. 1a). For pure P25, vibration of Ti-O-Ti bond 

presented at a low frequency band ca. 447 cm-1 (Fig. 1b).49 

However, the vibration of Ti-O-Ti showed a blue shift for the as-

prepared CdS-P25 and CdS QDs-P25 (Fig. 1c, d), and the latter 

shifted to a much higher wavenumber of 502 cm-1. In fact, the 35 

peak at 502 cm-1 could be attributed to the combination of Ti-O- 

Ti vibration and Ti-O-C vibration of CdS QDs-P25.57 The 

presence of Ti-O-C bonds indicated that L-cystine interacted with 

the surface hydroxyl group of P25 through its carboxylic group.58 

For L-cystine, the peak at 1393 and 1585 cm-1 corresponded to 40 

the asymmetric and symmetric stretching bands of the 

carboxylate (νs(CO2
-)59-61 and νa(CO2

-)59-63, respectively; the 

peaks at 1544 and 3174 cm-1 corresponded to the asymmetric and 

symmetric stretching bands of the protonated amine of νs(NH3
+) 

59,61 and νa(NH3
+)61, respectively; and the peak at 2552 cm-1 45 

corresponded to the thiol group59-61 (Fig. 1g). However, the 

characteristic peak of the -SH group was not observed in CdS 

QDs-P25 and CdS QDs, and the asymmetric stretching band of 

the protonated amine in L-cystine (3174 cm-1) disappeared, but 

the broad ν(NH2) band (3200-3500 cm-1) appeared in CdS QDs-50 

P25 and CdS QDs  (Fig. 1d, 1f). The peaks at around 1023-1180 

cm-1 are mainly due to C-OH stretching of residual ethanol (Fig. 

1a) or L-cysteine (Fig. 1f, 1g), and they are weaken in CdS QDs-

P25 and L-cysteine/P25 for that L-cystine interacted with the 

surface hydroxyl group of P25 through its carboxylic group. The 55 

peaks at 1405 and 1631 cm-1 corresponded to the asymmetric and 

symmetric stretching bands of the carboxylate (νs(CO2
-) and 

νa(CO2
-) in P25 supported L-cysteine (L-cysteine/P25) (Fig. 1e). 

The coverage of L-cysteine was about 6% in 27.3% CdS QDs-

P25 and 8% in L-cysteine/P25 based on the results of TGA (Fig. 60 

S1) and ICP measurement. These results indicated that CdS QDs 

tethered with L-cystine through thiol group59-61,64 and amine 

group59,65,66. In this way, CdS QDs tethered to TiO2 intimately 

through –SH, –NH2 and –COOH groups of L-cysteine. 

Solid state 13C NMR spectra of L-cysteine and CdS QDs-P25 65 

are shown in Fig. 2. Two sharp peaks in the spectrum of L-

cysteine at δ(13C) 27.36 and 55.33 ppm were ascribed to Cβ (-SH) 

and Cα (-NH2),
61 respectively, and these peaks were also found in 

the spectrum of CdS QDs-P25, which indicated that CdS QDs 

were successfully tethered to P25 through L-cysteinate. This is in 70 

agreement with the above results of FT-IR spectra. However, the 

peaks of Cβ (-SH) and Cα (-NH2) were broadened and shifted to 

downfield of 31.61 and 59.81 ppm. The complexation of metal 

with S and N atom could cause a decrease of electron density of 

the S and N atom in L-cysteine, and resulted in deshielding effect 75 

on the adjacent carbons67 and so induced a downfield shift of Cβ 

(-SH) and Cα (-NH2) in CdS QDs-P25. In addition, for CdS QDs-

P25 sample, a shoulder peak at 55 ppm was ascribed to Cα (-NH2) 

of L-cysteine for that free -NH2 existed due to its uncompleted 

coordination. 80 

The XRD patterns are shown in Fig. 3. The diffraction peaks at 

about 26.7o, 43.9o, and 52.2o were corresponding to (1 1 1), (2 2 

 

Fig. 1 FT-IR spectra of (a) CdS, (b) P25, (c) 30% CdS-P25, (d) 27.3% 

CdS QDs-P25, (e) L-cysteine/P25, (f) CdS QDs, and (g) L-cysteine. 85 

 

Fig. 2 13C-NMR spectra of (a) L-cysteine and (b) 27.3% CdS QDs-P25. 
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0), and (3 1 1) of CdS (Fig. 3a-d), respectively, and the cubic CdS 

was formed as identified by JCPDS 89-0440 file. The bare P25 

contained 86% anatase and 14% rutile as estimated by the 

integral intensities of the anatase (1 0 1) and the rutile (1 1 0) 

reflections at 25.3o and 27.5o (Fig. 3e). The average crystallite 5 

size of bare P25 was approximately 20 nm, estimated from the 

peak width of anatase (1 0 1) by Scherrer equation. The average 

crystallite size of CdS was ~6 nm in 27.3% CdS QDs-P25, and 

~10 nm in 30% CdS-P25. No significant shifts of principal peaks 

of CdS, CdS QDs or P25 were observed, which indicates that the 10 

crystalline structure of P25 was not influenced by the deposition 

of CdS or CdS QDs (Fig. 3c, d).  

The TEM images of CdS-P25 and CdS QDs-P25 are shown in 

Fig. 4. The average crystallite size of P25 was ca. 20 nm in these 

samples (Fig. 4a, c), and it is in agreement with the results of 15 

XRD. CdS and TiO2 were well crystallized, the crystal lattice in 

0.20 and 0.35 nm was corresponding to the (2 2 0) facet of cubic 

crystal CdS and (1 0 1) facet of anatase of TiO2, respectively (Fig. 

4b, d). The particle size of CdS in CdS QDs-P25 (~6 nm) was 

smaller than that in CdS-P25 (~10 nm). The presence of distinct 20 

juncture between two crystal phases could further confirm the 

strong interaction between CdS QDs and P25 via L-cystine in 

CdS QDs-P25. 

 

Fig. 3 XRD patterns of (a) CdS, (b) CdS QDs, (c) 30% CdS-P25, (d) 25 

27.3% CdS QDs-P25, and (e) P25. 

 

Fig. 4 TEM morphologies of (a, b) 30% CdS-P25 and (c, d) 27.3% CdS 

QDs-P25. 

 30 

Fig. 5 (Left) XPS spectra of Ti 2p in (a) P25, (b) 30% CdS-P25 and (c) 

27.3% CdS QDs-P25, and (right) XPS spectra of Cd 3d in (a) CdS, (b) 

30% CdS-P25 and (c) 27.3% CdS QDs-P25. 

Fig. 5 shows the XPS spectra of Ti 2p and Cd 3d peaks. The 

binding energies of Ti 2p1/2 and Ti 2p3/2 appeared at 464.0 and 35 

458.3 eV for P25. However, they appeared at 464.1 and 458.5 eV 

for CdS-P25, and 464.4 and 458.8 eV for CdS QDs-P25, 

respectively. For pure CdS, the binding energies of Cd 3d3/2 and 

Cd 3d5/2 appeared at 412.1 and 405.3 eV. However, they appeared 

at 411.6 and 404.8 eV for CdS-P25, and 411.5 and 404.7 eV for 40 

CdS QDs-P25, respectively. The binding energies of Ti 2p in 

CdS-P25 and CdS QDs-P25 were higher than that in pure P25, 

meanwhile, the binding energies of Cd 3d in CdS-P25 and CdS 

QDs-P25 were lower than that in pure CdS, indicating that the 

electronic density of TiO2 decreased and that of CdS increased 45 

after CdS or CdS QDs attached to P25, indicating that the 

electron transferred from TiO2 to CdS. Therefore, an electronic 

interaction existed between CdS and P25, and it was much 

stronger in CdS QDs-P25 than that in CdS-P25. The stronger 

interaction may benefit the transfer of photocharges between CdS 50 

QDs and P25 under visible light, thus improving the 

photocatalytic activity. 

3.2 Photocatalytic activity 

The photocatalytic activity was examined for the reduction of o-

CNB under visible light irradiation (λ ≥ 420 nm) in the presence 55 

of HCOOH as a sacrificial agent upon purging with N2. As shown  

 

Fig. 6 Photoreduction efficiencies of o-CNB as a function of irradiation 

time over P25 (�), 30% CdS-P25 (�) and 27.3% CdS QDs-P25 (�). 

Reaction conditions: 20 mg catalyst, 0.25 mmol o-CNB, 1.5 mmol 60 

HCOOH, 5 ml H2O, 35 oC. 
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Fig. 7 Photoreduction efficiencies of o-CNB over CdS-P25 (�) and CdS 

QDs-P25(�) with increasing of CdS content. Reaction conditions: 20 mg 

catalyst, 0.25 mmol o-CNB, 1.5 mmol HCOOH, 5 ml H2O, 35 oC, 2 h. 

in Fig. 6, the conversion of o-CNB was lower than 1.0% over P25 5 

after reaction for 4 h, indicating the activity of P25 is negligible 

under the visible light region. However, the photocatalytic 

activity was enhanced obviously and the conversion of o-CNB 

reached to 27.5% over CdS-P25 and 99.5% over CdS QDs-P25 

under the same reaction condition. 10 

To investigate the effect of the amount of CdS on the 

photoreduction efficiency, a series of CdS-P25 and CdS QDs-P25 

composites were synthesized with different loading of CdS, and 

the photocatalytic results are shown in Fig. 7. For CdS-P25, the 

conversion of o-CNB increased from 1.0% to 13.6% with 15 

increasing of CdS content to 30%, and then it decreased with 

further increasing and a 9.1% conversion presented over the pure 

CdS. Similarly, For CdS QDs-P25, the conversion of o-CNB 

increased from 1.0% to 75.2% with increasing of CdS QDs 

content to 27.3%, and then it decreased slightly and a 64.4% 20 

conversion obtained over CdS QDs. It is obvious that the 

photocatalytic activity was enhanced largely after coupling TiO2 

with CdS or CdS QDs, and the latter one showed much more 

improvement. 

3.3 The function of CdS QDs 25 

The UV-vis absorption spectrum was examined. As shown in 

Fig. 8, the absorption edge for pure P25 presented at about 391  

 

Fig. 8 (Left) the UV-vis absorption spectra of (a) P25, (b) CdS, (c) 27.3% 

CdS QDs-P25, (d) CdS QDs and (e) 30% CdS-P25, and (right) the Tauc’s 30 

plot for band gap energy determination. 

nm without significant absorption at visible light region (Fig. 8a). 

However, for CdS and CdS QDs, the absorption edge presented at 

ca. 597 and 481 nm (Fig. 8b, d), and for 30% CdS-P25 and 27.3% 

CdS QDs-P25, the absorption edge appeared at ca. 542 and 493 35 

nm (Fig. 8c, e), indicating they are active at the visible region. 

Compared with CdS QDs, a decrease of bandgap energy was 

observed in CdS QDs-P25, it was ascribed to the strong 

electronic coupling between CdS QDs and P25, which make the 

electron transfer from the VB of CdS QDs to the CB of P25 40 

under visible light irradiation.21 The absorption edge of CdS 

QDs-P25 shifted much more than that of CdS-P25, indicating 

CdS in the former was much smaller than that in the later one.68 

So, CdS QDs could provide more photocharges compared with 

CdS for the particle size effect.  45 

Fig. 9 showed the photocurrent−time (I−t) curves for CdS-P25 

and CdS QDs-P25 with typical on−off cycles of intermittent solar 

irradiation at a bias potential of 0.5 V. As can be seen, the 

electrode made by CdS QDs-P25 exhibited a superior 

performance, and its photocurrent generation efficiency was 50 

higher than that of CdS-P25. This was ascribed to that the CdS 

QDs can produce more photocharges than CdS due to the smaller 

size of CdS QDs and thus it has much more active sites. The 

stable photocurrent value of CdS QDs-P25 was about 5 times 

higher than that of CdS-P25. Therefore, the photocatalytic 55 

efficiency of CdS QDs-P25 was much higher than that of CdS-

P25. 

 

Fig. 9 Transient photocurrent response for (a) 30% CdS-P25 and (b) 

27.3% CdS QDs-P25. All the electrodes were evaluated in 0.1 M NaClO4 60 

aqueous solution under visible light irradiation using a calomel electrode 

as the reference electrode. 

Table 1 values used for the calculation of the conduction and valence 

band potentials of CdS, CdS QDs and TiO2 

Semiconducter CE 
EA 

(eV) 

IE 

(eV) 

EE 

(eV) 

SE 

(eV) 

Eg 

(eV) 

ECB 

(eV) 

EVB 

(eV) 

CdS Cd -0.78 9.01 4.12 
5.06 

2.14 -0.51 1.63 

CdS QDs S 2.08 10.38 6.23 2.62 -0.75 1.87 

TiO2 
Ti 0.32 6.12 3.22 

5.68 3.35 -0.5 2.85 
O 1.465 13.64 7.55 

CE: Constituent elements, EA: Electron affinity, IE: Ionization energy, 

EE: Element electronegativity, SE: Semiconductor electronegativity, Eg: 

band gap energy, ECB: conduction band edge potential, EVB: valence band

edge potential 
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Table 2 Photoreduction efficiencies of o-CNB over CdS-P25 used 

different sacrificial agent 

Entry 
Sacrificial 

agent 

Conversion 

(%) 

Selectivity (%) 

o-CAN o-CNSB Others a 

1 ― ― ―b ―b ―b 

2 (COOH)2 1.4 99.8 0.2 ―b 

3 HCOOH 13.6 95.9 4.1 ―b 

4 HCOOK 16.9 57.2 42.2 0.6 

5 HCOONa 18.2 56.7 42.9 0.4 

6 HCOONH4 25.0 58.3 41.1 0.6 

Reaction conditions: 20 mg 30% CdS-TiO2, 0.25 mmol o-CNB, 1.5 mmol 

sacrificial agent, 5 ml H2O, 35 oC, 2 h. a Intermediates include 

dichloroazoxybenzene, dichloroazobenzene and dichlorohydro-

azobenzene. b Not detected. 

The band edge potentials for the semiconductors were 

estimated using the equation related to Mulliken electronegativity. 

Herein, the electronegativity (EE) of an atom was the arithmetic 5 

mean of the atomic electron affinity (EA) and the first ionization 

energy (IE).66 The CB potential at the point of zero charge could 

be calculated according to an empirical equation:64 

ECB= χ- Ee - 0.5 Eg 

where ECB is the CB edge potential, χ is the electronegativity of 10 

the semiconductor (SE), which is the geometric mean of the 

electronegativity of the constituent atoms, Ee is the energy of free 

electrons on the hydrogen scale (about 4.5 eV),15 Eg is the band 

gap energy of the semiconductor, which is determined by Tauc’s 

plot in Fig. 8. The VB edge potential (EVB) could be determined 15 

by EVB= ECB + Eg. The values used to calculate ECB and EVB, and 

the calculated results of ECB and EVB of CdS, CdS QDs and TiO2 

are listed in Table 1. As can be seen, ECB of CdS (-0.51 eV) was 

cathodic than that of P25 (-0.5 eV), and also, ECB of CdS QDs (-

0.75 eV) was more cathodic than that of P25 (-0.5 eV). In general, 20 

the larger the difference between the CBs of the semiconductors, 

the higher the driving forces of electron injection are,69 so CdS 

QDs-P25 was more efficient than CdS-P25 in photocatalytic 

reduction of o-CNB. 

3.4 Mechanism of photocatalysis and the reduction process 25 

The effects of the sacrificial agents on the photoreduction of o-

CNB to o-CAN over CdS-P25 in H2O were investigated under 

the visible light irradiation and the results are listed in Table 2. In 

the absence of sacrificial agent, no significant conversion of o-

CNB was observed after 2 h (entry 1). When (COOH)2 was used, 30 

a 1.4% conversion was observed (entry 2). When HCOOH was 

used, the conversion reached to 13.6%, and the selectivity to o-

CAN was 95.9% (entry 3). When HCOOK, HCOONa, and 

HCOONH4 were used, the conversion of o-CNB increased, but 

the selectivity to o-CAN dropped significantly, and at last 35 

dropped to < 60% (entries 4-6). Evidently, sacrificial agent was 

indispensable and HCOOH was the most suitable one for the 

present photocatalytic reaction. 

In thermocatalytic reaction, catalytic transfer hydrogenation 

(TH) was an effective method to reduce organic compounds.70,71 40 

However, TH mechanism was still not well understood, in 

particular for the heterogeneous catalytic TH. Generally, there are 

two pathways, one is a consecutive dehydrogenation- 

hydrogenation process, and the other is a true hydrogen transfer  

Table 3 Results for the reduction of o-CNB under different conditions 45 

Entry 
o-CNB 

(mmol) 

HCOOH 

(mmol) 

H2O 

(ml) 
λ (nm) 

H2 

(mmol)a 

Conv. 

(%) 

1 0.25 1.5 5 ―b ―c ―c 

2 ― 1.5 5 ≥420 0.02 ―c 

3 0.25 ― 5 ≥420 ―c 2.2 

4d 0.25 ― 5 ≥420 ―c 2.3 

5e 0.25 132.5 ― ≥420 ―c 58.6 

6 0.25 1.5 5 ≥420 ―c 60.0 

Reaction conditions: 20 mg 27.3% CdS QDs-P25, 35 oC, 2 h. a The 

amount of H2 produced. b without light irradiation. c Not detected. d 1 MPa 

H2 was introduced during reaction. e HCOOH used as solvent and 

sacrificial agent simultaneously. 

process without H2 molecules. With HCOONa as hydrogen donor, 

in our previous work, the reduction of citral and phenol over Pd/C 

proceeded through the consecutive H2 production-hydrogenation 

pathway.72,73 However, it was reported that the reduction of 

nitroarenes to aminoarenes was a true hydrogen-transfer 50 

process.74 What does it occur in the photoreduction? When the 

sacrificial agents such as CH3OH, HCOOH were used as 

hydrogen donors, it may go through a consecutive 

dehydrogenation-hydrogenation process or a true hydrogen 

transfer process. In the presence of CH3OH, C2H5OH and i-55 

C3H7OH, Wu et al. reported that the photoreduction of p-

nitroaniline to p-phenylenediamine over TiO2 or ZnO was 

proceeded through the hydrogen transfer reaction between the p-

nitroaniline and H2O molecules by the 2H(D)-labeled 

experiments. However, H2 was detected in the system,49 and the 60 

H/D exchange was found to occur between D2O and CH3OH at 

the hydroxyl position, thus the photocatalytic mechanism was 

still not clear. 

Herein, to reveal the photoreduction process of o-CNB, the 

reaction was performed under different conditions over CdS 65 

QDs-P25 and the results are listed in Table 3. Without light 

irradiation, the reduction of o-CNB could not proceed (entry 1). 

In the absence of o-CNB, 0.02 mmol H2 was produced. However, 

in the presence of o-CNB, H2 could not be detected (entry 2, 6). 

In the absence of HCOOH, the photocatalytic reduction 70 

efficiency was low and the conversion of o-CNB was < 2.3% 

whether in the absence or presence of H2 (entry 3, 4). In the 

presence of HCOOH, the photocatalytic reduction efficiency was 

improved dramatically, and similar conversion of o-CNB could 

be obtained with or without H2O (entry 5, 6). Based on the above 75 

results, we can suggest that CdS QDs-P25 could effectively 

catalyze the reduction of o-CNB to o-CAN in the presence of 

HCOOH under visible-light irradiations, the photocatalytic 

reduction was not induced by the direct hydrogenation with the 

H2 generated in situ from HCOOH splitting, but by the hydrogen 80 

transfer between HCOOH and o-CNB molecules, and the 

hydrogen was not coming from H2O but from HCOOH. In 

addition, in the absence of o-CNB, the color of CdS QDs-P25 

changed gradually from bright yellow to dark green during the 

photocatalytic H2 production. This color change was attributed to 85 

the partial reduction of Ti4+ to Ti3+ in the CdS QDs-P25 matrix by 

the photoexcited electrons. The formed Ti3+ cations could not be 

timely consumed by protons to produce H2. However, the color of 

CdS QDs-P25 could be regenerated from dark green to bright 
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yellow after exposure to air due to that the stored electrons 

coupled with the protons could be scavenged by O2.
75 It is worth 

noting that in the presence of o-CNB, the color of CdS QDs-P25 

did not change during the photocatalytic reduction. In this case, 

the formed Ti3+ cations could couple with the protons to form the 5 

positive charge of Ti–OH+ groups (active hydrogen), the active 

hydrogen was consumed by o-CNB as soon as it produced. 

Therefore, the present reaction is confirmed to be a hydrogen 

transfer reaction induced by photocatalytic reduction over the 

CdS QDs-P25 catalyst under the visible light irradiation. 10 

On the basis of the above results, a possible mechanism for the 

enhanced photoactivity over CdS QDs-P25 was proposed as 

shown in Fig. 10. The CB of CdS QDs (-0.75 eV) was more 

cathodic than that of TiO2 (-0.50 eV). So under visible-light 

irradiation, once CdS QDs was excited, the photogenerated 15 

electrons were excited from VB to CB, and electrons were 

injected from the CB of CdS QDs into the CB of inactivated TiO2. 

Meanwhile, the VB of CdS QDs (1.87 eV) was more cathodic 

than that of TiO2 (2.85 eV), so hole generated in the VB of CdS 

QDs remained there and could not migrate to TiO2. These 20 

thermodynamic conditions favored the electron injections. 

Photoinduced holes could not react with water molecules to give 

•OH radicals (h+ + H2O → •OH + H+) due to the low redox 

potentials of the VB of CdS QDs (EVB (CdS QDs) = 1.87 eV, E 

(•OH/H2O) = 2.72 eV65 vs. SHE). This result further indicated 25 

H2O was not the true hydrogen source in the reaction. HCOOH 

decomposed to H+ and HCOO¯ in water, and then HCOO¯ was 

oxidized by the photoinduced holes to give •CO2¯ in the VB of 

CdS QDs (HCOO¯ + h+ = H+ + •CO2¯), due to the relative high 

redox potentials of the VB of CdS QDs (EVB (CdS QDs) = 1.87 30 

eV, E (•CO2¯/ HCOO¯) = 1.36 eV76 vs. SHE). On the other hand, 

the photogenerated electrons in the CB of CdS QDs migrated and 

injected to the CB of TiO2, which were trapped by Ti4+ to form 

Ti3+ cations, and coupled with the protons produced from 

HCOOH decomposition and HCOO¯ oxidization by the 35 

photoinduced holes to form the positively charged Ti–OH+ 

groups, which could be named as the active hydrogen (H*).75,77 

The active hydrogen species could instantly and selectively 

reduce o-CNB to o-CAN under ambient conditions. Moreover, 

•CO2¯ oxidized by the photoinduced holes has a strong reducing 40 

ability (E (•CO2¯/CO2) = -1.8 eV76 vs. SHE), and can be coupled 

with the protons to reduce o-CNB to o-CAN (E (o-CNB/o-CAN) 

= -0.4 eV79 vs. SHE). Many researches on the photocatalytic 

redox reactions over semiconductors were focused on the electron 

transfer between surface-bound species and the CB and the VB of 45 

the photocatalyst. Mayer et al. reported that reduced TiO2 and 

ZnO nanoparticles in solution could transfer an electron and a 

proton to phenoxyl and nitroxyl radicals, indicating that e– and H+ 

coupled on the interface. The reduced oxides could transfer both 

electron and proton, which will expand the traditional view of 50 

interfacial redox reactions.79 Therefore, o-CNB could be reduced 

to o-CAN by the couple of e¯ and •CO2¯ with H+ in the present 

system, and the reaction proceeded through the hydrogen transfer 

between o-CNB and HCOOH molecules. 

 55 

Fig. 10 Proposed mechanisms for the photoreduction of o-CNB over CdS 

QDs-P25. 

Conclusions 

CdS QDs sensitized P25 (CdS QDs-P25) was prepared by 

tethering CdS QDs with P25 through thiol, amino and carboxyl 60 

group of bifunctional molecular linker of L-cysteine. The 

absorption band of P25 was extended from the UV region to the 

visible region after sensitized by CdS QDs. The CdS QDs-P25 

showed higher photocatalytic activity in the reduction of o-CNB 

under the visible region (≥420 nm) in the presence of sacrificial 65 

agent by comparing to P25, CdS QDs and CdS-P25. Based on the 

results of the characterization and the experimental data, the 

reasons for the high activity of CdS QDs-P25 are concluded to 

(1) the interaction between CdS QDs and P25 was much stronger; 

(2) CdS QDs could provide more photocharges than CdS as the 70 

particle size effect; (3) the photocurrent value of CdS QDs-P25 

was much higher than that of CdS-P25, and (4) ECB of CdS QDs 

is more cathodic than that of CdS, resulting in much higher 

driving forces of electron injection formed in CdS QDs-P25. 

Under visible-light irradiation, once CdS QDs was excited, the 75 

photogenerated electrons transferred from the VB to the CB, and 

injected into the CB of inactivated TiO2. Meanwhile, holes 

generated in the VB of CdS QDs could oxidize HCOO¯ to give 

•CO2¯ and H+. On the other hand, the photogenerated electrons 

were trapped by Ti4+ and coupled with the H+ to form the active 80 

hydrogen (H*). The formed H* instantly added to a molecule of o-

CNB to produce o-CAN. Moreover, •CO2¯ has a strong reducing 

ability, and can also be coupled with the protons to reduce o-

CNB. Thus, the reaction proceeded through the hydrogen transfer 

between o-CNB and HCOOH molecules via the couple of e¯ and 85 

•CO2¯ with H+. 
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