
Arabian Journal of Chemistry (2022) 15, 103708
King Saud University

Arabian Journal of Chemistry

www.ksu.edu.sa
www.sciencedirect.com
ORIGINAL ARTICLE
Immobilization of bismuth oxychloride on cellulose

nanocrystal for photocatalytic sulfonylation of

arylacetylenic acids with sodium arylsulfinates

under visible light
* Corresponding author at: Key Laboratory of Magnetic Molecules & Magnetic Information Materials Ministry of Education Sc

Chemical and Material, Science Shanxi Normal University, Taiyuan 030006, PR China

E-mail addresses: chenww@sxnu.edu.cn (W. Chen), jiajf@dns.sxnu.edu.cn (J. Jia).

Peer review under responsibility of King Saud University.

Production and hosting by Elsevier

https://doi.org/10.1016/j.arabjc.2022.103708
1878-5352 � 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Xiaoxia Wang a,b, Xueting Li a, Baoqiang Tian a, He Xiao a, Wenwen Chen a,*,

Haishun Wu
a
, Jianfeng Jia

a,*
aKey Laboratory of Magnetic Molecules & Magnetic Information Materials Ministry of Education School of Chemical and
Material, Science Shanxi Normal University, Taiyuan 030006, PR China
bDepartment of Chemistry, Changzhi University, Changzhi 046011, PR China
Received 17 November 2021; accepted 16 January 2022
Available online 28 January 2022
KEYWORDS

Cellulose nanocrystal;

Bismuth oxychloride;

Photocatalyst;

Sulfonation reaction
Abstract As a promising semiconductor photocatalyst, BiOCl has been widely used in the field of

environmental protection. However, due to its weak ability to absorb visible light, the application of

BiOCl in other important photocatalytic fields has been significantly limited, such as organic syn-

thesis. In this work, a facile method was used to prepare a highly efficient heterogeneous nano-

photocatalyst BiOCl/cellulose nanocrystal (CNC). Subsequently, the BiOCl/CNC was verified by

XPS, ESR, BET and other characterization methods. The results show that not only the strong

interaction between BiOCl and CNC increases the visible light absorption intensity of the compos-

ite, but also the combination of BiOCl and CNC makes the specific area of the catalyst more than

twofold. In addition, a large number of hydroxyl groups contained in CNC can be combined with

the BAO bond in BiOCl through hydrogen bonds, forming abundant oxygen vacancies on BiOCl/

CNC. Excitedly, these changes enable BiOCl/CNC to exhibit excellent photocatalytic performance

and regeneration performance in the sulfonation reaction of arylacetylene acid and sodium

arylsulfinate, with a yield of up to 96%. This work represents a step towards a low-cost,
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environmentally friendly composite of cellulose and BiOCl, which will provide useful enlightenment

for future exploration in related fields.

� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Using photocatalyst to capture and convert solar energy for chemical

fuel storage and industrial applications is a paramount way to achieve

sustainable development of human society (Fava et al., 2016; Xu et al.,

2017). As a classical two-dimensional semiconductor material, BiOCl

not only has low cost, nontoxicity, morphological variation and conve-

nient preparation, but also has high chemical stability and catalytic

activity (Han, 2021). In addition, in the unique layered structure of

BiOCl, [Bi2O2]
2+ is connected with halogen atom layer through inter-

molecular force, and this unique structure can facilitate the generation

of an internal self-built electric field between Cl atom layer and

[Bi2O2]
2+ layer, which will greatly promote the separation of electrons

and holes and improve the photocatalytic performance (Hojamberdiev

et al., 2020; Liu et al., 2021). Based on these advantages, BiOCl has

capture extensive attention and has been widely studied in the field

of environmental protection, including sewage treatment (Gao et al.,

2018; Gao et al., 2020; Gao et al., 2021; Liu et al., 2021; Monga and

Basu, 2021), degradation of organic dyes (Guerrero et al., 2014;

Zhang et al., 2014; Zhang et al., 2020) and purification of polluted

air (Wu et al., 2020). Regrettably, the application of BiOCl in other

important visible light photocatalytic fields has been greatly limited,

such as organic synthesis, which may be attributed to its difficult to

produce active electrons and holes to stimulate organic reactants under

visible light as a wide band gap semiconductor (Han et al., 2019; Yang

et al., 2021). In view of this, it is of great significance to develop a

BiOCl-based photocatalyst that can be effectively used in organic syn-

thesis and other important visible light catalysis fields.

As we all know, the BiOCl can be combined with a variety of matri-

ces to form BiOCl/matrix composite materials, such as BiOCl/TCPP

(Huang et al., 2021) and BiOCl/polyaniline (PANI) (Mansor et al.,

2021), to achieve significant improvement of the spectral absorption

range and photocatalytic efficiency. However, these matrix carriers

are usually non degradable and unsustainable, and may even introduce

new toxins in the application. Another fact that can not be ignored is

that most matrices need to be produced through fossil energy and can-

not fundamentally solve environmental problems. As a green, sustain-

able and renewable resource, cellulose not only has high

hydrophilicity, permeability, transparency, physical and chemical resis-

tance and thermal stability, but also can firmly fix the catalyst through

its own large number of hydroxyl groups (Kamel and Khattab, 2021;

Shi et al., 2021). In addition, the abundant hydroxyl contained in cel-

lulose may interact with the low-energy BiAO bonds in BiOCl through

hydrogen bond to build a large number of oxygen vacancies on the sur-

face of BiOCl, which is considered to be an important means to

improve the photocatalytic activity of BiOCl (Li et al., 2018). Among

a variety of cellulose, cellulose nanocrystal (CNC) deserves more atten-

tion because it not only contains a large number of hydroxyl groups,

but also its specific surface area is nearly 100 times larger than that

of other types of cellulose (Hamad, 2018; Ng et al., 2021), which makes

it possible for CNC as matrix to significantly improve photocatalytic

performance (Du et al., 2018; Elfeky et al., 2020; Tian et al., 2019;

Zhan et al., 2018). Therefore, the preparation of composites with

BiOCl by CNC is of great significance to improve the photocatalyst

performance of BiOCl and expand its photocatalytic fields.

Sulfones have a broad spectrum of biological activities and are

extensive used in the fields of chemistry, medicine, pesticide, material

science (Llamas et al., 2006; Sulzer-Mosse et al., 2009; Yang et al.,

2008; Zhu et al., 2008). At the same time, due to their ability to stabi-

lize a-carbanions and strong electron-withdrawing properties, sulfones
have been favored by synthetic chemists for so long. Arylacetylenic sul-

fones is an important derivative of sulfone, which has prominent appli-

cations in synthesis, e. g., as dienes in cycloadditions (Riddell and Tam,

2006; Zhao and Beaudry, 2014; Zhou et al., 2015), in the synthesis of

disubstituted alkynesand in the alkynylation of diverse structures of

biological interest (Meadows and Gervay-Hague, 2006; Todoroki

et al., 2014). Due to the important application value of arylacetylenic

sulfones, a variety of synthetic methods have been developed in recent

years. However, the traditional synthesis methods of arylacetylenic sul-

fones encounter some limitations, such as harsh synthesis conditions,

cumbersome synthesis process, the need of stoichiometric oxidants

(Chen et al., 2017; Meesin et al., 2016; Wang et al., 2017; Zhong

et al., 2020). Compared with traditional synthesis and electrocatalysis,

photocatalysis utilize light energy to stimulate electrons to initiate

chemical reactions, which can realize the breaking and recombination

of chemical bonds under mild conditions. Predictably, photocatalysis

will be a more coveted method to synthesize arylacetylenic sulfones,

but it has never been achieved so far.

Herein, CNC has abundant hydroxyl groups and high specific sur-

face area, which plays an important role in increasing the active surface

area and improving the performance of photocatalyst. In addition, the

high physical and chemical stability of CNC also helps to improve the

recycling capacity of the composites. As expected, BiOCl/CNC has

demonstrated excellent photocatalytic performance and reusability in

the sulfonylation reaction of aryl acetyl acid and sodium arylsulfinate,

then, a series of control experiments have proposed the possibility pho-

tocatalytic reaction mechanism.
2. Experimental

2.1. Preparation of CNC

According to previously reported literature (Hu et al., 2017),
CNC was prepared by acid hydrolysis of microcrystalline cel-

lulose (MCC) as follows: MCC (10 g) was slowly added to a
beaker containing 150 mL sulfuric acid of 64 wt% and stirred
continuously. MCC was completely dispersed in water and

heated at 45 �C until MCC was completely hydrolyzed. The
resulting yellow solution was diluted 7-fold by ultrapure water,
left standing and the upper clear solution was poured away.

The remaining suspension was washed via centrifugation until
it was no longer layered. The obtained sample was dialyzed
against ultrapure water until neutral. Finally, the obtained

CNC suspension was subjected to ultrasonic treatment at
room temperature for 5–10 min and stored in cold storage
for next experiments.

2.2. Fabrication of BiOCl/CNC nanocomposite

BiOCl/CNC nanocomposite was obtained by in situ synthesis
at room temperature (rt). In this process, 1.0 mmol KCl was

added into 20 mL CNC solution under magnetic stirring.
1.0 mmol of Bi(NO3)3�5H2O was completely dissolved in
5 mL ethylene glycol (EG) by ultrasonication. Then the sus-

pension was dropwise in CNC solution and stirred at rt for
1 h. Subsequently, the deposit was collected and washed via

http://creativecommons.org/licenses/by-nc-nd/4.0/
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centrifugation and dried with vacuum drying at 60 �C for 8 h.
Similarly, BiOCl was obtained by the same way except that the
1.0 mmol KCl was added into 20 mL ultrapure water instead

of CNC solution.

2.3. Characterization and reactant preparation

The methods for characterization and organic reactant prepa-
ration are shown in Supplementary Data.

3. Results and discussion

3.1. Characterization and study on the interaction between
BiOCl and CNC in the photocatalyst

The possible growth mechanism of BiOCl/CNC was proposed

as manifested in Scheme 1. Nanorod-shaped nanocellulose and
lamellar BiOCl self-assembled into three-dimensional BiOCl/
CNC nanosheets. In the specific growth process, Bi3+ was
preferentially strongly adsorbed onto the microporous struc-

ture of CNC due to a large number of hydroxyl groups in
the molecular chain of CNC. In addition, hydrogen bonding
and electron interaction can prevent the aggregation of Bi3+

and promote the formation of oxygen vacancies (Tian et al.,
2019; Li et al., 2018), and then three-dimensional BiOCl/
CNC nanosheets were formed through self-assembly, thereby

improving its photocatalytic performance.
X-ray diffractometer (XRD) pattern of BiOCl/CNC

(Fig. S1a) is similar to BiOCl, which is indicative of the lattice

structure of BiOCl will not be changed by the combination
with CNC. Compared with pure BiOCl, there are significant
changes that the stronger (110) diffraction peak corresponding
to 2h= 32.5�, which shows that the prepared BiOCl/CNC pre-

sents high percentage of exposed (110) facets. Previous studies
have demonstrated that the increased exposure of the (110)
facet in the BiOCl structure can improve the separation effi-

ciency of photogenerated carriers, which is beneficial to
enhance the photocatalytic activity of BiOCl/CNC (Wang
et al., 2019). As described in Fig. S1b, the functional groups

of BiOCl and BiOCl/CNC and their interactions were analyzed
by FT-IR. The absorbance bands at �3200–3500 cm�1,
2850–3000 cm�1 and 1059–1162 cm�1 can be assigned to
hydroxyl groups, CAH stretching and CAOAC stretching in

CNC, respectively. The peak at 524 cm�1 may be indexed to
BiAO bond vibration (Gao et al., 2015) and the peak at
Scheme 1 Schematic illustration of the
1419 cm�1 is ascribed to BiAO bond stretching vibration
(Soleimani et al., 2017). Combined with XRD results, it can
be concluded that BiOCl is successfully loaded onto CNC

and there is a strong interaction between the two interfaces.
Subsequently, scanning electron microscope (SEM) and

transmission electron microscopy (TEM) were used to analyze

the morphology and microstructure of BiOCl and BiOCl/
CNC. As described in Fig. 1a, the surface of BiOCl nanosheets
is smooth and stacked with each other without the addition of

CNC. Interestingly, its morphology becomes three-
dimensional cross-type thin nanosheets with the addition of
CNC (Fig. 1b, 1c), which is attributed to the dried CNC
assemble into a hierarchical structure. The HRTEM images

shows two types lattice stripes with lattice spacings of 0.275
and 0.344 nm, matching (110) and (101) facets of BiOCl,
respectively (Fig. 1d) (Jia et al., 2021; Wu et al., 2021), which

matched with the XRD. And the element mapping of BiOCl/
CNC composite further scientific evidence for the uniform dis-
tribution of Bi, O and Cl elements on the material (Fig. 1e–1h).

Thermogravimetric analysis (TGA) was performed to evaluate
the thermal stability of BiOCl/CNC. As shown in Fig. S2,
BiOCl/CNC has high thermal stability below 240 ℃

Then the chemical states of the elements in the samples
were analyzed by X-ray photoelectron spectroscopy (XPS).
The binding energy of C 1s detected at 288.7 eV, 286.5 eV
and 284.8 eV were attributed to C = O, OACAO and CAOH,

respectively, indicating that the carbon comes from cellulose
(Fig. S3a) (Du et al., 2019). Obviously, the carbon content of
BiOCl/CNC is greater than that of BiOCl, indicating that their

combination is successful. Fig. S3b shows the binding energy
values of Bi 4f7/2 and Bi 4f5/2 are observed at 164.5 eV and
159.2 eV, which ascribing to the Bi3+ in BiOCl (Asadzadeh-

Khaneghah et al., 2019; Liang et al., 2020; Jiang et al.,
2022;). It should be noted that the interaction between BiOCl
and CNC may result in the peak of BiOCl/CNC to be higher

than that of BiOCl (Ma et al., 2018). As shown in Fig. S3c,
the peaks at 199.5 eV and 197.9 eV in BiOCl, which are well
ascribed to Cl 2p1/2 and Cl 2p3/2, respectively. Interestingly,
two peaks become to 199.7 eV and 198.1 eV in BiOCl/CNC,

which due to the tighter combination of Cl� and BiOCl in
the material (Gao et al., 2019). As depicted in Fig. 2a, three
distinct prominent peal peaks at 533.3 eV, 531.9 eV and

529.9 eV, which correspond to chemisorbed oxygen, oxygen
vacancy and lattice oxygen, respectively (Song et al., 2017).
Obviously, the oxygen vacancy peak shifted to high binding

energy to 532.2 eV in BiOCl/CNC attributed to the interaction
growth mechanism of BiOCl/CNC.



Fig. 1 SEM images of (a) BiOCl, (b) BiOCl/CNC, TEM images of (c) BiOCl/CNC, HRTEM images of (d) BiOCl/CNC; Element

mapping of Bi, O and Cl for BiOCl/CNC composite (e-h).

Fig. 2 (a) XPS spectra in the O1s region of BiOCl and BiOCl/CNC. (b) ESR spectra of BiOCl and BiOCl/CNC. (c) UV–vis absorption

spectra of the samples (inset: plot of bandgap). (d) Nitrogen adsorption–desorption isotherms (insert: pore size distribution).
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between BiOCl and CNC (Wang et al., 2013). In addition, it

can be seen the content of vacant oxygen on the surface
increases significantly, which may be due to the strong interfa-
cial hydrogen bonds between CNC and BiOCl weakening the

surface BiAO bonds (Li et al., 2020). In order to further con-
firm the existence of oxygen vacancy in BiOCl/CNC, we char-

acterized it by electron spin-resonance spectroscopy (ESR) and
the signal of BiOCl and BiOCl/CNC at g = 2.00, which is con-
firmed as oxygen vacancy (Fig. 2b) (Wu et al., 2021). Notably,

the intensity of ESR signal for BiOCl/CNC is greater than that
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of BiOCl, indicating that BiOCl/CNC has more oxygen vacan-
cies, which is conducive to the improvement of photocatalytic
performance (Ma et al., 2017). And UV–vis absorption spec-

trum shows that BiOCl/CNC has stronger visible light (400–
800 nm) absorption than BiOCl, which is due to the increase
of oxygen vacancies (Fig. 2c) (Li et al., 2018). As shown in

the inset, the band gap energy of BiOCl and BiOCl/CNC were
calculated as 3.68 and 3.54 eV, respectively (Kong et al., 2021).
In addition, the specific surface areas and pore structure of the

photocatalysts were analyzed through the study of N2 adsorp-
tion/desorption. Test results indicate there is a significant hys-
teresis loop belonging to H-III of type IV, suggesting the
presence of mesopores structure, which allows small organic

molecules to pass through (Fig. 2d) (Hou et al., 2018). The
BET surface area of BiOCl and BiOCl/CNC were calculated
to be 23.46 m2g�1 and 53.79 m2g�1, respectively, which is evi-

dent that the addition of CNC increases the surface area com-
pared to BiOCl. Generally speaking, higher surface area can
make the photogenerated charge transfer faster and can

absorb more active substances and reactants to improve the
reaction efficiency. The pore size distribution of the samples
falls in the range of 2–8 nm.

Furthermore, the transient photocurrent response, electro-
chemical impedance spectroscopy (EIS) and the photolumines-
cence (PL) were applied to examine the photogenerated
electron migration barrier and separation efficiency of photo-

generated charge carriers. As shown in Fig. S4a, BiOCl/CNC
showed the highest photocurrent density, which reflects the
most effective charge separation. CNC showed a flat curve

due to the balanced rate of charge diffusion within the CNC
and rate of reaction at the interface between CNC and elec-
trolyte. BiOCl showed a charging curvature photocurrent,

which means that the rate of charge transfer with the BiOCl
was higher than the rate of the surface reaction. However,
BiOCl/CNC presented a blocking curvature, beacuse the rate

of surface reaction is limiting the photocurrent.
Fig. S4b depicts the EIS Nyquist plots of BiOCl/CNC,

BiOCl and CNC, obviously, BiOCl/CNC has the smallest
arc radius in comparison with BiOCl and CNC, which suggests

that the combination of CNC and BiOCl can improve the effi-
ciency of charge separation and transfer (Wang et al., 2020).
Consistence with EIS, the PL spectrum of BiOCl/CNC in

Fig. S4c illustrates the weaker intensity than BiOCl, implying
lower recombination rate of electrons-holes and higher pho-
toactivity of the photocatalyst (Li et al., 2021; Wang et al.,

2013). Based on the transient photocurrent response, EIS
and PL results, the composite material may exhibit better pho-
tocatalytic performance than BiOCl due to the strong interac-
tion between BiOCl and CNC.

3.2. Photocatalytic performance test of BiOCl/CNC to

sulfonylation of arylacetylenic acids with sodium arylsulfinates

Table 1 lists the exploratory experimental results of ary-
lacetylene sulfone prepared by sulfonation of arylacetylene
acid and sodium sulfite under different conditions. Initially,

3-phenylpropiolic acid (1a, 0.5 mmol) was treated with sodium
p-toluenesulfinate (2a, 1.0 mmol), BiOCl/CNC (20 mg) in THF
(4.5 mL) and the solution was stirred for 20 h under white

LED light in the presence of oxygen, however, target com-
pound was not synthesized (Table 1, entry 1). Interestingly,
the desired compound was obtained in 73% yield when iodine
(0.25 eq.) was added as an initiator (Table 1, entry 2). If iodine
was added to the reaction without BiOCl/CNC, the yield was

significantly reduced to 44% (Table 1, entry 3), indicating the
synergistic effect of BiOCl/CNC and iodine. And the yield of
product will drastically decrease when exposed to air, even in

the presence of iodine and BiOCl/CNC (Table 1, entry 4),
which indicates that oxygen is one of the essential factors to
achieve this reaction. Subsequently, the reaction was carried

without visible light, only 10% of the product was obtained,
indicating the light source is also the key factor (Table 1, entry
5). The yield increased from 73% to 89% when the dosage of
iodine was added to 0.5 eq., and further increase of the amount

of iodine did not give rise to a significantly improvement in
yield (Table 1, entries 6 and 7). As a result, the appropriate
amount of iodine (0.5 eq.) was conducive to the reaction. On

the basis, the yield of the product decreases significantly with-
out BiOCl/CNC in the reaction (Table 1, entry 8), which result
further confirming the necessity of the BiOCl/CNC. In sum-

mary, iodine, BiOCl/CNC, oxygen and LED light are all indis-
pensable to achieve the product efficiently. When the
photocatalyst was replaced by pure BiOCl and CNC, the yields

of the target product were not optimistic (Table 1, entries 9
and 10).

Subsequently, the reaction efficiency was not further
improved after a series of adjustment of the amount of

BiOCl/CNC (Table 1, entries 11 and 12). If the reaction time
was shortened or prolonged to 16 h or 24 h, the yield became
60% and 88%, respectively (Table 1, entries 13 and 14). The

influence of different color light sources on the reaction was
explored, and the result showed that white LED light was
the best light source (Table 1, entries 6, 15–17), and various

solvents were screened (Table 1, entries 18–25). Eventually,
THF was considered to be an optimum solvent for increasing
the yield of 3a (89% yield), and the optimized reaction condi-

tions was determined in entry 6 of Table 1. According to the
above series of conditional experiments, the optimal reaction
conditions are as follows: in the presence of 20 mg of BiOCl/
CNC and 0.5 equivalent of iodine, 30 W white LED lamp

and THF were used as the light source and solvent, the reac-
tion was carried out at rt for 20 h.

Under the optimal reaction conditions, the generality and

functional group compatibility of the transformation were
tested, and the results are summarized in Table 2 and Table 3.
First of all, the scope of the various arylacetylenic acids with

2a was investigated (Table 2). Generally speaking, ary-
lacetylenic acids contain a broad range of electron donating
groups could successfully delivered the desired compounds
3a-3d in satisfactory yields (75%�96%). However, when the

electron donating groups on arylacetylene acid were located
in ortho and meta positions (3e and 3f), the yield of the reac-
tion decreased, suggesting that the steric hindrance has a

greater impact on the reaction results than the electron effect.
If the arylacetylenic acid contains a strong electron withdraw-
ing group (p-CF3), the conversion yield of 3 g was significantly

reduced (36%). In addition, thiophen-2-ylpropioic acid and
naphthalene-2-ylpropioic acid also possess outstanding adapt-
ability. The yields of 3h and 3i were 54% and 87%, respec-

tively. Subsequently, the sulfonation reaction of 1a with a
series of sodium sulfonates were tried under the optimum con-
ditions, which was summarized in Table 3. Sodium sulfonates
containing electron donating group or electron withdrawing



Table 1 Photocatalytic sulfonylation of arylacetylenic acids with sodium arylsulfinates.

Entry I2(eq.) BiOCl/CNC Solvent Light Yielda(%)

1 — 20 mg THF On —

2 0.25 20 mg THF On 73

3 0.25 — THF On 44

4b 0.25 20 mg THF On 26

5 0.25 20 mg THF Dark 10

6 0.5 20 mg THF On 89

7 1.0 20 mg THF On 87

8 0.5 — THF On 52

9c 0.5 20 mg THF On 68

10d 0.5 20 mg THF On 65

11 0.5 15 mg THF On 72

12 0.5 25 mg THF On 88

13e 0.5 20 mg THF On 60

14f 0.5 20 mg THF On 88

15 0.5 20 mg THF Red 17

16 0.5 20 mg THF Blue 80

17 0.5 20 mg THF Green 25

18 0.5 20 mg CH3CN On 40

19 0.5 20 mg EtOH On 37

20 0.5 20 mg DMAc On 32

21 0.5 20 mg DMF On 23

22 0.5 20 mg DMSO On trace

23 0.5 20 mg DCE On —

24 0.5 20 mg 1,4-Dioxane On trace

25 0.5 20 mg Toluene On trace

a Isolated yields after column chromatography.
b Reaction was performed in air.

c,d BiOCl and CNC were used respectively.
e,f Reaction for 16 h and 24 h respectively.

Table 2 Scope of various arylacetylenic acids.a,b
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group could not significantly affect the reaction results, and all
could be obtained products 3j-3q in satisfactory yields
(64%�86%). Notably, it was found that the spatial effect of
substituents on sodium sulfonate was weaker than that of ary-
lacetylene acid by analyzing the reaction results of 3n, 3o and
3p. However, if 1,3,5-trimethyl-2 - (2-phenyl-ethynylsulfonyl) -



Table 3 Scope of various sodium arylsulfinates.a,b

a Conditions: 1a (0.5 mmol), 2 (1.0 mmol), I2 (0.5 eq.), BiOCl/CNC (20 mg) in THF

(4.5 mL), O2, 30 W white LED, rt, 20 h.
b Isolated yields by column chromatography based on 1a.

Fig. 3 (a) The cycling experiment of BiOCl/CNC. (b) Radical trapping experiment of sulfonylation of arylacetylenic acid with sodium

arylsulfinate.
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benzene is used in the reaction, only trace product 3r could be
detected by TLC due to the large space hindrance effect of sub-

stituents. Moreover, sodium naphthalene-2-sulfinate and
sodium thiophene-2-sulfinate were also provide the desired
product 3s and 3t in 62% and 26% yields, respectively.

To evaluate the recyclability of the BiOCl/CNC photocata-
lyst, a recycling experiment is shown in Fig. 3a. The used
BiOCl/CNC was washed with water and ethanol in turn, after

natural drying, it can be directly used for the next round of
reaction without adding new catalyst. After four cycles of pho-
tocatalytic experiments, the yield by recycled BiOCl/CNC
could still reach 53%, indicating a good recycling perfor-

mance. The XRD (Fig. S5a) and IR (Fig. S5b) results of the
recovered BiOCl/CNC showed that the diffraction and vibra-
tion peaks were not significantly different from those of the

fresh BiOCl/CNC, indicating that the BiOCl / CNC had
excellent photostability. In addition, the morphology of cycled
sample maintained a complete lamellar structure by the TEM
characterization (Fig. S6a). Elemental analysis also showed
uniform distribution of elements on the cycled sample (Fig. S6-

b-e). All these results can demonstrate the photostability of the
composites. Thus, the decrease of catalyst activity during recy-
cling can be speculated to the unavoidable loss of catalyst dur-

ing recovery.

3.3. Photocatalytic mechanism study of BiOCl/CNC to
sulfonylation of arylacetylenic acids with sodium arylsulfinates

In order to explore the predominant active species involved in
the process of photocatalytic reduction, isopropyl alcohol
(IPA), EDTA-2Na, benzoquinone (BQ) and Mn(Ac)2 were

applied as the sacrificial agents for hydroxyl radical (�OH),
holes (h+), superoxide radical (�O2

�) and photogenerated elec-
trons (e�), respectively. In addition to adding scavengers, the

capture tests were carried out under the same conditions as
the photocatalytic test. Obviously, the introduction of BQ



Scheme 2 Control experiments of sulfonylation of arylacetylenic acids with sodium arylsulfinates.

Scheme 3 Proposed mechanism of sulfonylation of arylacetylenic acid with sodium arylsulfinate over BiOCl/CNC.
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significantly decreased the yield of arylacetylenic sulfones, and
the yield decreased to 38% in the presence of Mn(Ac)2
(Fig. 3b), which proved that �O2

� and e� are the predominant
reactive species in this reaction. Then, a systematic control
experiments were carried out in Scheme 2 for profound study

the reaction mechanism. The radical inhibitors including
2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) and hydro-
quinone were added into the reaction to verify whether the

reaction pathway was radical reaction. As shown in
Scheme 2a, TEMPO almost ceased the reaction, while hydro-
quinone hindered the reaction, which indicating the reaction
probably involves a radical process. Notably, the correspond-

ing compounds were obtained in 60% and 45% yields
(Scheme 2b, 2c) when phenylacetylene (1b) and (iodoethynyl)
benzene (1c) were used instead of 3-phenylpropiolic acid

(1a). Armed with this result, we deduced that 1b or 1c might
be the intermediate during the reaction. In order to further ver-
ify this inference, 1a was used as the only reactant in the

absence of 2a and reacted under standard conditions
(Scheme 2d). However, no isolable products were detected by
TLC, suggesting either 1b or 1c unlikely to be the intermediate
under the standard conditions.

According to the experimental results, we proposed the fea-
sible mechanism is outlined in Scheme 3. The BiOCl/CNC first
became motivated to produce photogenerated electrons (e�)
and holes (h+) pairs under visible light. The electrons in the

CB of BiOCl/CNC converted O2 into
�O2

�, which could further
oxidize iodine molecule to form iodine free radical. Subse-
quently, sodium p-toluenesulfonate was preferentially oxidized

by iodine radical to oxygen-center sulfonyl radical A, which
could be resonant converted to sulfur-center sulfonyl radical
B. Subsequently, the attack of B on 3-phenylpropiolic acid

produced intermediate C, which could be quickly decarboxy-
lated to produce intermediate D. Then, the desired product
3a is obtained by eliminating hydrogen radicals. Finally, I�

reacted with IO3
� to form I2 to maintain the catalytic cycle.

4. Conclusion

In summary, the photocatalytic synthesis of arylacetylene sulfone has

been successfully achieved through the development of highly efficient

and recyclable heterogeneous photocatalyst BiOCl/CNC. The sub-

strates of the reaction had wide applicability and the yield could reach

96%. It is worth noting that the photocatalyst had good recovery

capacity, which is beneficial to improve the economics of industrial

synthesis. The successful development of the photocatalytic synthesis

method provides an efficient and green approach for the preparation

of arylacetylenic sulfones, and provides a sustainable opportunity for

industrial applications.
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