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Regarding the utilization of semiconductor nanocrys-

tals (NCs) in photocatalysis, the significant challenge

is to eliminate the hindrance of decorated surface

ligands on the photocarrier transport while maintain-

ing their overall stability. Herein,we report a novel and

stable catalyst comprising CdS NCs and surface-

bound mono-(6-mercapto-6-deoxy)-β-cyclodextrin
(HS-β-CD) molecules (denoted as CdS-CD), which

could convert alcohols selectively into diols or alde-

hydes andH2 under visible light irradiation, with 100%

atom utilization, using an aqueousmedium as a green

solvent. The decorated β-CD ligands did not only con-

fer a good stability of CdS-CD in water but also

showed a high host–guest affinity to the alcohol spe-

cies, thereby, guaranteeing a close vicinity of alcohol

molecules at the surface of CdS NCs and minimizing

the hindrance of surface ligands on the photocarrier

transport. As a result, the CdS-CD displayed much

improved photocatalytic activity for the conversion

of alcohols in aqueousmedia, comparedwith those of

CdS-BF4 NCs.

Keywords: CdS nanocrystals, β-cyclodextrin, alcohol,
photocatalysis, dehydrogenative cross-coupling

reactions

Introduction
The oxidation of alcohols into aldehydes or diols is a

critical synthetic step in fragrance, confectionery, bever-

age, and pharmaceutical industries,1–5 in which the con-

ventional chemical oxidation of alcohols into aldehydes

requires harsh conditions such as excess oxidants (CrO3,

IO3
−, RuO4, and MnO2, and others), high temperature,

high pressure, or organic medium. Such methods bring

undesired side reactions, environmental problems, and

waste of resources.6–11 In this context, visible light–driven

dehydrogenation of alcohols, which simultaneously

generates valuable oxidation products and clean

hydrogen is considered to be an ideal approach for the

oxidation process due to its green feature and 100%

atom utilization.12–14
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Recently, semiconductor nanocrystals (NCs), especial-

ly, CdS NCs, have been demonstrated great promise in

artificial photosynthesis.15–23 Their significant extinction

coefficients, tunable spectral range, and sufficient spe-

cific surface area features enable them to be superior

light-absorber components of photocatalysts. However,

linear organic ligands such as oleic acid are usually re-

quired to decorate the surface of the CdS NCs to achieve

stable photocatalysts. Nonetheless, this strategy leads to

a hindrance of the photocarrier transport,22 as well as low

solubility and stability in the aqueous medium. To in-

crease the aqueous solubility of oleic acid–capped CdS

NCs, Depalo et al24,25 used α-cyclodextrin (α-CD) to form

an inclusion complex between α-CD and oleic acid. They

also used heptamine β-cyclodextrin to replace the

octylamine molecules partially on the surface of CdS NCs

in order to increase their aqueous solubility.26 However,

these modified CdS NCs are not good candidates for

efficient photocatalysts, as the alkyl chain of oleic acid

blocks the cavity of α-CD, and also, the existence of long

linear organic chains around the surface of CdS NCs

lead to a hindrance of the carrier transport. Therefore,

developing an efficient and easy-to-prepare semicon-

ductor NCs, which could balance stability and photo-

generated carrier transport, along with efficient per-

formance in aqueous media is highly desirable in

photocatalysis.

Toward this goal, we were intrigued to mimic the func-

tion of an enzyme by decorating a mono-(6-mercapto-6-

deoxy)-β-cyclodextrin (HS-β-CD) with hydrophobic cavi-

ty and hydrophilic outside surface27–29 on the surface of

CdS NCs (Scheme 1). We predicted that the introduction

of HS-β-CD would exhibit the following advantages: (1)

The S atom in HS-β-CD could strongly bind to the surface

Cd(II) in CdS NCs to form stable CdS-CD composite in

which the hydrophobic cavity of β-CD would selectively

capture and enrich the organic reactants via host–guest

interaction30,31 at the surface of CdS NCs, and thus,

minimize the hindrance of the carrier transport of the

surface ligands on CdS NCs via close vicinity of the

reactants with CdS NCs. (2) The outer hydrophilic surface

of β-CD could generate high solubility and stability of

CdS-CD in an aqueous medium like those found in cyclo-

dextrins decorated metal nanoparticles.32–34

Motivated by our above assumptions, we synthesized a
β-CD-decorated CdS NCs photocatalyst of CdS-CD and
chose alcohol conversion as a model reaction to investi-
gate the catalytic performance of photoredox reactions.
As expected, the fabricated CdS-CD was able to convert
efficiently, high and low concentrations of alcohol into
vicinal diols and aldehydes, respectively, with up to 99%
selectivity, accompanied by hydrogen emission. As far as
we know, this is the first example of a metal-cocatalyst-
free CdS NCs photocatalyst that could eliminate the
hindrance associated with carrier transport of surface
ligands, while maintaining the overall aqueous stability
to achieve a highly selective and efficient conversion of
alcohols in water into a variety and valuable organics.

Experimental Methods
Preparation of CdS-CD

HS-β-CD (70 mg) was dispersed in pure water by

ultrasonication. Then methanol (5 mL) and chloroform

(5 mL) were added, and the pH was adjusted to 11 with

tetramethylammonium hydroxide (TMAOH). After that,

CdS-OA in hexane solution (2 mL) was added to this

mixture and stirred in the dark for 2 days. CdS-CD was

precipitated with excess acetone and isolated by centri-

fugation (7000 rpm, 3 min). After washing with acetone,

the CdS-CD was dispersed in water (1 mL).

Characterization of the fabricated
CdS-CD NCs

To ensure that the modification of the CdS NCs surfaces

had occurred, we characterized the fabricated com-

plexes by proton nuclear magnetic resonance (1H NMR),

transmission electron microscopy (TEM), IR and UV–vis

spectra, powder X-ray diffraction (XRD), and X-ray

photoelectron spectroscopy (XPS) measurements (see

supporting Figures S1–S8 for details).

Photocatalytic alcohol conversion into
vicinal diols

Typically, amixture of alcohol (0.3M), CdS-CD (1 μM), and

water (5 mL) were added into a quartz tube, and illumi-

nated by a 450 nm light-emitting diode (LED) for 180 h at

room temperature with continuous stirring, using a stir-

ring bar. Products in the gas and liquid phases were

identified by gas chromatography (GC) and gas

chromatography–mass spectrometry (GC–MS; Agilent

7890B/5975B). Detailed GC–MS method is listed, as

Scheme 1 | Visible light–driven conversion of alcohols to

H2 and vicinal diols or aldehydes by β-CD-decorated

CdS NCs.
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follows: carrier gas: Helium; column (HP-5; length: 30 m,

diameter: 0.25mm, film: 0.25 μm), flow: 2.5 mL/min; front

inlet temperature: 280 °C; flame ionization detector tem-

perature: 300 °C; sample volume: 1 μL; split: 70∶1; oven
temperature: first kept at 60 °C for 3 min; and then

increased to 280 °C at a rate of 15 °C/min. The alcohol

conversion and selectivity were determined by high-

performance liquid chromatography (HPLC). The species

and selectivity of the products in the liquid phase were

determined by GC–MS, HPLC, and column chromatogra-

phy separation measurements.

Photocatalytic alcohol conversion into
aldehyde

Typically, a mixture of alcohol (1 mM), CdS-CD (1 μM), and

water (1 mL) were added into a quartz tube and

illuminated by a 450 nm LED for 1.5 h at room tempera-

ture with continuous stirring, using a stirring bar. The

species and selectivity of the liquid aldehyde products

were determined by GC–MS and HPLC measurements by

an external standard method.

More detailed experimental procedures and the

characterization data are available as Supporting

Information.

Results and Discussion
CdS-CDwaspreparedby ligandexchangeof −S-β-CDwith

oleic acid–capped CdS NCs (CdS-OA) (see Supporting

Information). The results of 1H NMR measurements indi-

cate that all of the oleic acid anions on the surface of CdS

NCs were replaced by −S-β-CD (Supporting Information

Figure S1), and the average numbers of −S-β-CD on each

Figure 1 | (a) Partial 1H NMR spectra (400 MHz, D2O, 25 °C) of 1-phenylethanol (red line) and 1-phenylethanol + β-CD
(green line). (b) UV–Vis spectra of 1-phenylethanol ⊂ β-CD complex [(1-phenylethanol) + (β-CD) = 10.0 mM] at a

different ratio. Inset: Job plot of 1-phenylethanol and β-CD. (c) The nonlinear least-squares analysis of the differential

UV–vis spectral changes at 250 nm for the calculation of the Ks value for 1-phenylethanol ⊂ β-CD complex.
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CdS-CDwas calculated to be 117 (Supporting Information

Figure S2). The CdS-CD modification was validated by

TEM, IR spectra, UV–vis spectra, powder X-ray diffraction

(XRD), and XPS. The TEM image revealed that CdS-CD

exists as uniform spherical nanoparticles, with an average

size of 4.5 nm (Supporting Information Figure S3). The IR

spectra showed three characteristic peaks around 3400,

2923, and 1032 cm−1 in both HS-β-CD and CdS-CD NCs

(Supporting Information Figure S4), assigned to the

O–H, C–H, and C–O stretching vibrations of −S-β-CD
backbone, respectively, while the UV–vis spectrum

indicated that CdS-CD could absorb light below 490 nm

(Supporting Information Figure S5). A powder XRD

pattern showed that CdS-CD is a cubic phase structure

(Supporting Information Figure S6). The XPS measure-

ment indicates that theCdS-CD ismainlycomposedofCd,

S, C, and O elements (Supporting Information Figure S7).

All the above results demonstrated the successful deco-

rationof β-CDon the surfaceofCdSNCs. The results of the

water solubility and stability test indicated that after β-CD
decoration, CdS-CD could disperse well in water, and

could be kept stable for more than 6 months, whereas

CdS-OA NCs could not dissolve in water (Supporting

Information Figure S8).

We identified the host–guest interactions between

β-CD and the reactants in a photodehydrogenation

reaction choosing 1-phenylethanol and benzyl alcohol

as model substrates. For 1H NMR measurements of

1-phenylethanol and 1-phenylethanol@β-CD, shown in

Figure 1a, the protons of phenyl and methylene groups in

1-phenylethanol displayed an upfield shift, while those of

methyl groups revealed a downfield shift, indicating that

1-phenylethanol was captured into the hydrophobic

cavity of β-CD.27 Furthermore, the complex stoichiometry

between β-CD and 1-phenylethanol was measured to be

1∶1 using Job’s plot (Figure 1b, inset), indicating that only

one 1-phenylethanol could be incorporated into the

cavity of each β-CD. The binding constant (Ks) between

β-CD and 1-phenylethanol was determined as 160 M−1

(Figure 1c). Similar experiments were carried out on

benzyl alcohol@β-CD (Supporting Information Figure S9)

and 2-furanmethanol@β-CD (Supporting Information

Figure S10). The results also indicated that benzyl alcohol

and 2-furanmethanol could be encapsulated into the cavity

of β-CD. Further, the 1H–1H ROESY spectra for benzyl

alcohol@CdS-CD and 1-phenylethanol@CdS-CD inclusion

complexes unveiled correlation peaks between the

alcohols and β-CD (Supporting Information Figures S11

and S12), demonstrating the existence of noncovalent

host–guest interactions between β-CD and alcohols.

To verify the photocatalytic performance toward

dehydrogenation of alcohols in an aqueous medium,

CdS-CD was employed as a sole photocatalyst. For com-

parison, CdS-BF4 NCs (ligand-free NCs, previously dem-

onstrated to show higher hydrogen production activity

than water-soluble mercaptopropionic acid–capped

CdS NCs17), were also prepared as a comparative photo-

catalyst. The time profile for the H2 evolution was

recorded to monitor the progress of the photoreaction.

For the dehydrogenation of benzyl alcohol-catalyzed

reaction by CdS-BF4 NCs (Figure 2a, blue line, and

Table 1, entry 1), the amount of H2 liberated reached

5.4 μmol and stopped increasing, that is, reached satura-

tion after 30 h. For the CdS-CD system (Figure 2a, black

line), however, the H2 liberation reached as high as

77 μmol after 180 h, which is 14.3 times higher than that

of the prototype CdS-BF4. The enhanced activity of

CdS-CD could be attributable to the improved aqueous

stability of CdS-CD, as well as an enrichment effect of the

reactant at the surface of the CdS NCs through the

host–guest interaction, which could consume the photo-

generated carriers in a timely fashion. Indeed, when

amantadine hydrochloride (And-HCl) was added to the

Figure 2 | (a) Photocatalytic evolution of H2 by CdS-CD

(black), CdS-BF4 (blue), and CdS-CD with adding 0.5 mM

ofamantadine (Ad, red). Reactionconditions: [CdS-CD] =

[CdS-BF4] = 1 μM, benzyl alcohol (0.3 M) in 5 mL H2O,

450 nm LED light, 25 °C. (b) Photoluminescence decay

of CdS-CD (black), CdS-CD/benzyl alcohol (blue), and

CdS-CD/benzyl alcohol/Ad (red) detected at 519 nm.
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reaction system to block the cavity of β-CD partially,
the amount of H2 was dramatically decreased
(Figure 2a, red line). Similar phenomenon was observed
in 1-phenylethanol (Supporting Information Figure S13;
and Table 1, entry 2) and 2-furanmethanol (Supporting
Information Figure S14; and Table 1, entry 8) photocata-
lytic systems, demonstrating that both the photocataly-
tic activity and stability of CdS NCs could promote the
decoration of β-CD on the surface of CdS NCs, and
host–guest interactions play a key role for its high photo-
catalytic activity. To rule out the oxidation of the CD rings
on the CdS NCs, a control experiment was set up without
an addition of alcohol; the results indicated that CdS-CD,
on its own, could not be oxidized to generate H2 (Table 1,
entry 10), thereby, verifying the stability of CdS-CD dur-
ing the photocatalytic process.

For the liquid product in both CdS-CD and CdS-BF4

reaction systems with various substituted phenyl and

heteroaromatic benzyl alcohols (Table 1, entry 1–8; and

Supporting Information Figure S15), bimolecular C–C

coupling product of vicinal diols were the main products,

along with trace amount of benzaldehydes and almost

equivalent H2 liberation. Notably, in any instance where

the amount of the liberated H2, was slightly less than that

of the corresponding diol, we attributed the event to H2

leakage during the photocatalytic process. The selecti-

vity for vicinal diols was determined to be 93–99% by

HPLCmeasurements (see Table 1). Table 1 shows that the

amounts of diols in all CdS-CD systems were remarkably

higher than those of CdS-BF4 systems. Additionally, β-CD
showed a steric hindrance effect on the catalytic activity

Table 1 | The Visible Light–Driven Photocatalytic Results of Various Alcohols

Entry R–OH Selectivity (%) CdS-CD CdS-BF4

n H2 (μmol) n Diol (μmol) n H2 (μmol) n Diol (μmol)

1 99 77.1 84.8 5.4 6.0

2 93 145.6 159.1 30.3 30.7

3 99 14.2 15.8 1.0 1.1

4 99 51.1 57.2 12.9 13.5

5 99 49.8 55.8 8.8 9.1

6 99 43.8 49.9 5.3 6.0

7 96 48.4 55.7 4.0 4.5

8 97 14.8 17.0 1.5 1.7

9 – 1.6 – – –

10 – – 0 0 – –

Reaction conditions: [CdS-CD] = [CdS-BF4] = 1 μM, alcohol (0.3 M) in 5 mL H2O, reaction time 180 h. 450 nm LED light at 25 °C. The
horizontal line means the product yield was too little to allow detection.
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of three methylbenzyl alcohol isomers (Table 1, entry

3–5), in which 2-methylbenzyl alcohol showed much

lower activity than 3- and 4-methylbenzyl alcohol. The

steric hindrance effect was also observed for the con-

version of an alcohol-bearing bulky group (Table 1, entry

9), further demonstrating that the host–guest interac-

tions played a vital role during the photocatalytic

reactions.

To further understand the role of β-CD on the enhance-

ment of the photocatalytic activity of CdS NCs, the

photocatalytic performance for γ-CD- and thioglycerol-

decorated CdS NCs, namely, CdS-γCD and CdS-GL, as

well as a mixture of CdS-BF4 with the native β-CD (CdS-

BF4/β-CD) were investigated by utilizing each in the

conversion of 1-phenylethanol to diols and H2. As shown

in Supporting Information Figure S16, the concentration

of the liberated H2 (121.5 μmol) of the CdS-γCD catalyzed

reaction was slightly less than that of the CdS-CD cata-

lyzed reaction (145.6 μmol), probably due to the weaker

host–guest interaction caused by the larger cavity of

γ-CD. Besides, the amounts of H2 liberated in the reaction

catalyzed by CdS-GL, CdS-BF4/β-CD, and CdS-BF4 were

all much lower than that of CdS-CD (Supporting

Information Figure S16), demonstrating the direct teth-

ering of −S-β-CD on the surface of CdS NCs, and the

strong host–guest interaction between β-CD and the

reactants, which were the main factors that rendered it

with the outstanding photocatalytic performance.

As the intermolecular coupling reactions had a

close relationship with the reactant concentrations, it

prompted us to investigate the photocatalytic reaction

of the CdS-CD system at varying alcohol concentrations.

The results in Supporting Information Figure S17 show

that as the concentration of benzyl alcohol decreased

from 300 mM to 1 mM, the main product in the liquid

solution gradually changed from vicinal diol to benzal-

dehyde. Specifically, with a fixed alcohol concentration of

1 mM (Figure 3), nearly 100% conversions (Figure 3, black

bar) were achieved, with 92–98% selectivity for the alde-

hyde products (Figure 3, black dot). In striking contrast,

for the CdS-BF4 photocatalytic system, only 33–79%

alcohol conversions (Figure 3, red bar) with 21–82%

aldehyde selectivity (Figure 3, red dot) were obtained.

These results further demonstrated that the host–guest

interactions between β-CD and the reactant could

simultaneously enhance the photocatalytic activity and

selectivity of CdS NCs.

We explored the mechanism of the photoreaction of

the modified CdS NCs by photoluminescence spectra

measurements. In Figure 2b, we show that the addition

of benzyl alcohol decreased the emission lifetime of

CdS-CD from 1.55 to 0.32 ns, indicating that this carrier

was transported efficiently from CdS-CD to benzyl alco-

hol. Moreover, the addition of Ad-HCl partially extended

the lifetime of CdS-CD from 0.32 to 0.56 ns (Figure 2b,

red line), indicating that the competitive bonding

between Ad and the benzyl alcohol with β-CD likely

hindered the carrier transfer from CdS-CD to benzyl

alcohol. These results undoubtedly demonstrate that the

hindrance of the carrier transport could be eliminated

effectively through tethering of −S-β-CD on the surface of

CdS NCs, as the captured reactants made contact direct-

ly to the surface of CdS NCs. The electron paramagnetic

resonance (EPR) of the solution of benzyl alcohol@CdS-

CD was also measured, using 5,5-dimethyl-1-pyrroline-

N-oxide (DMPO) as a radical trap. As shown in Scheme 2

(inset), with light irradiation, the characteristic EPR

signals of alkyl carbon radical and DMPO adducts (aN
= 15.0 G, aH = 21.8 G) was detected, suggesting the

Figure 3 | The results of comparative experiments for the

photocatalytic reaction of CdS-CD and CdS-BF4.

Reaction conditions: [CdS-CD] = [CdS-BF4] = 1 μM,

benzyl alcohol(1 mM) in 1 mL H2O, reaction time 1.5 h,

450 nm LED light, 25 °C.

Scheme 2 | The proposed photocatalytic mechanism for

the benzyl alcohol@CdS-CD system (inset: EPR data).
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generation of benzyl radicals during the photocatalytic

process.35 Also, the kinetic isotope effect (KIE) was in-

vestigated using 4-methylbenzyl alcohol and deuterated

4-methylbenzyl alcohol as the reactants to confirm the

hydrogen abstraction process (Supporting Information

Table S1). The ratio of the reaction rates (kH/kD) was

measured to be 4.4, indicating that the activation of the

C–H bond at the benzylic position was involved in the

rate-determining step.

Collectively, based on our results, we proposed a
photocatalytic mechanism for the conversion of alcohols
using benzyl alcohol as a model reaction presented in
Scheme 2. Initially, under visible light irradiation, photo-
excited electron and hole were generated in CdS-CD.
Owing to the host–guest interaction, benzyl alcohol could
be introduced into the cavity of the β-CD and approach
the surface of CdS. Thus, the photogenerated hole on the
surface of theCdS-CD could abstract one electron readily
from the benzylic position to generate a benzyl radical
after deprotonation. The benzyl radical might go through
two different pathways, as follows: Under higher alcohol
concentration, two benzyl alcohol radicals could go
through a C–C coupling reaction to form a vicinal diol
(Path B). At lower alcohol concentration, the benzyl radi-
cal would continue to be oxidized by the photogenerated
holes in CdS-CD to form an aldehyde (Path A). At the
same time, the protons in aqueous solution could be
reduced to hydrogen by the photogenerated electrons
in CdS-CD. The overall photoreaction process only needs
visible light energy input; besides, it could be conducted
in water, which is energy-efficient and environment-
friendly, with the generation of highly valuable products
and 100% atom utilization.

Conclusions
We have synthesized β-CD-decorated CdS NCs via a

ligand-exchange reaction between −S-β-CD- and oleic-

acid-protected CdS NCs, which could be used as a robust

and efficient photocatalyst for the conversion of alcohols

into diols or aldehydes, with the liberation of H2 in aque-

ous medium under visible light irradiations. Benefiting

from the host–guest interaction between β-CD and the

reactants, CdS-CD showed much superior activity and

selectivity than those of CD-free CdS NCs (CdS-BF4).

Furthermore, tethering of −S-β-CD on the surface of CdS

NCs could also minimize the hindrance of carrier trans-

port caused by surface ligands, as the captured reactants

weremore closely in contact with the surface of CdSNCs,

and thus, the modified CdS-CD could also display higher

photocatalytic activity than thioglycerol-decorated CdS

NCs (CdS-GL). Our study provided a precise surface

engineering strategy of semiconductor NCs for their

photocatalytic applications in the oxidation of alcohols

into uniquely valuable products through a green synthet-

ic route with 100% atom utilization.

Supporting Information
Supporting Information is available.
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