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a b s t r a c t

A kind of CdS/Cd-BiOCl immobilized films photocatalyst was prepared. The optical and physicochemical

properties of the CdS/Cd-BiOCl photocatalysts were analysed, and the detailed characterization revealed

CdS/Cd-BiOCl films photocatalyst with good charge carrier separation effect. The reusabilities and pho-

tocatalytic properties of the samples were studied. The 15%CdS/Cd-BiOCl photocatalyst exhibited supe-

rior performance in photocatalytic degradation of tetracycline (TC) and favorable stability under visible

light irradiation. As for the photodegradation rate of TC, 15%CdS/Cd-BiOCl exhibited an excellent pho-

todegradation activity, which is 4.06 and 9.53 times higher than that of CdS/Cd and BiOCl, respectively.

The results showed that dominant active species are •O2
− and •OH radicals during photodegradation. The

charge transfer in Z-scheme CdS/Cd-BiOCl films photocatalyst could synchronously generate conduct band

(CB) electrons in BiOCl and valence band (VB) holes in CdS, and metal Cd served as electron mediator.

This work can be a reference for the design of film photocatalysts and new insight for photodegradating

towards contaminants.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Tetracycline (TC) could be applied in pharmaceutical industry,

animal husbandry and agriculture. Tetracycline residue has been

frequently found in soil, water, and even food, which could cause

a tremendous threat on public health [1,2]. This has resulted in

an increasing demand for degrading antibiotics to obtain clean wa-

ter. Among the numerous pollutant treatment methods, photocat-

alytic technique is a green and effective way to treat wastewater

[3–5]. CdS is a kind of visible-light responsive material (Energy

gap Eg ≈ 2.4 eV) on degrading organic pollutants, because it owns

more negative conduct band (CB) than the reduction potential for

O2/
•O2

−. Regrettably, CdS is easy to be deactivated because of its

high recombination rate and its photocorrosion, which will lead to

cadmium ions leakage and contaminate water resources, thus lim-
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iting its practical applications. In order to overcome these draw-

backs, many strategies have been proposed such as the optimiz-

ing synthetic approaches, formating heterojunction materials, dop-

ing with noble metals, supporting cocatalysts [6–9].

Among these strategies, the construction of heterojunctions is

a suitable strategy to stabilize the structure, promote the carriers′
separation and improve the photocatalytic activity of CdS. BiOCl-

based heterojunction photocatalysts exhibit a good photocatalytic

performance, owing to their low cost, proper band edges and su-

perior stability characters [10–13]. Nevertheless, the drawback of

heterojunction photocatalysts is that it would reduce the potential

of photoelectrons and holes as well as weaken the ability of redox

of photocatalysts [14], so some novel heterojunction system should

be developed to solve this contradiction. For multiple heterojunc-

tion photocatalytic systems, Z-scheme photocatalysts not only can

efficiently improve the separation rate of photogenerated charge

carriers, but also maintain relatively higher redox ability [15,16]. Z-
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Fig. 1. SEM images of (a) pristine BiOCl, (b) CdS/Cd and (c) CdS/Cd-BiOCl. (d-h)

EDX elemental mappings of CdS/Cd-BiOCl. (i) TEM image and (j) HRTEM image of

CdS/Cd-BiOCl photocatalysts.

scheme photocatalysts contained two different semiconductor pho-

tocatalysts and an electron mediator [17–21]. The most important

of Z-scheme system is metal, which can act as electron mediator to

decrease the interfacial resistance and facilitate the charge separa-

tion. In recent years, non-noble metal Cd has drawn much atten-

tion owing to its excellent electrical conductivity and potential ap-

plications. Furthermore, Cd and CdS both have the same cadmium

element, which leads to their better lattice matching, and previous

studies [22–25] have shown that CdS/Cd will be a sort of potential

photocatalyst.

Encouraged by the above facts, we attempt to synthesize

CdS/Cd-BiOCl Z-scheme film photocatalysts for the removal of

tetracycline. The good photocatalytic performance has been de-

rived from this CdS/Cd-BiOCl film photocatalysts due to its good

optical property and suitable energy level structure. The prepara-

tion of CdS/Cd photocatalyst was similar with the previous work

[26]. Bi2O3 was added into HCl to obtain BiOCl. Then, adding the

as-prepared CdS/Cd powder, the contents of CdS/Cd in CdS/Cd-

BiOCl composites depended on the mass fraction of CdS/Cd and

Bi2O3 powders. The final samples were named as x%CdS/Cd-BiOCl,

in which x% is the mass fraction of CdS/Cd. CdS/Cd-BiOCl powders

were added into 1 mL ethanol solution by 30-min sonication. 1 mL

suspension was taken by a pipette and sprayed onto a pre-cleaned

FTO substrate (Fig. S1 in Supporting information).

The microstructure and morphology of CdS/Cd-BiOCl photocat-

alysts were observed by EDX elemental mapping, TEM and SEM. In

Fig. 1a, the SEM image of BiOCl showed a sheet-like structure. It

could be seen that the shape of CdS/Cd samples was nearly spher-

ical and agglomerated (Fig. 1b). Observed from the SEM images as

shown in Fig. 1c, CdS/Cd nanoparticles were adhered on the BiOCl

surface. The EDX elemental mappings of 15%CdS/Cd-BiOCl were

shown in Figs. 1d-h, which indicated the samples contained Cd,

S, O, Bi and Cl elements. The obtained composite materials were

further investigated by TEM (Fig. 1i), and it showed that CdS/Cd-

BiOCl photocatalysts were in sheet-like morphology. The interface

between CdS/Cd nanoparticles and BiOCl nanosheets could be ob-

served through the HRTEM image (Fig. 1j). The lattice spacings of

0.275 nm, 0.234 nm and 0.336 nm corresponded to the (110) plane

of BiOCl, the (101) plane of Cd and the (111) plane of CdS [21,26].

It indicated that the formation of heterojunction structure between

CdS and BiOCl [12], which would be conducive to the transfer of

photogenerated charge carriers.

Fig. 2. (a) The band gap evaluation from the plots of (αhν)2 versus photon energy

(hν). (b) Photocurrent response of the CdS/Cd, BiOCl and 15%CdS/Cd-BiOCl photo-

catalysts. Nyquist plots of EIS measurements on the CdS/Cd, BiOCl and 15%CdS/Cd-

BiOCl electrodes: (c) in the light irradiation and (d) in the dark.

The crystalline structure of as-prepared samples was deter-

mined by XRD. However, it was found that XRD patterns of

CdS/Cd-BiOCl composites were similar to that of BiOCl (Figs. S2a

and b in Supporting information). The CdS/Cd were not obviously

detected due to the small amount of CdS/Cd in CdS/Cd-BiOCl. Fur-

thermore, it was discovered that some of these characteristic peaks

(Cd, CdS and BiOCl) were close together and overlapped in the XRD

spectrum. According to the XPS spectra (Figs. S3a-f in Supporting

information), Cd, S, Bi, Cl and O elements [27,28] coexisted in the

sample. XPS analyses revealed the coexistence of Cd, CdS and BiOCl

in CdS/Cd-BiOCl samples, which was in good agreement with the

results from TEM, SEM and XRD.

The optical absorption properties were also investigated for

all samples, and the absorption edge of BiOCl is located at

about 365 nm (Fig. S4a in Supporting information). Comparatively,

CdS/Cd-BiOCl composites owned a wider absorption because of

the relatively narrow bandgap of CdS [12]. Hence, the deposition

of CdS/Cd on BiOCl broadened the photoabsorption range to the

visible-light region, which was vital for superior photocatalytic per-

formance. The bandgaps of CdS/Cd and BiOCl were determined

as 2.05 eV and 3.43 eV (vs. NHE) respectively, which matched

well with the reported results [22,23] (Fig. 2a). With the photode-

position of Cd, the band gap value of CdS/Cd got narrower and

the absorption edge of CdS/Cd-BiOCl composites was slightly ex-

tended. The probable reason was that the change of the original

state of CdS surface, thus it led to the existence of metal Cd and

the absence of S atoms, which further increased the formation

of dangling bond on CdS surface [22]. Obviously, because of the

co-effect of Cd and BiOCl, CdS/Cd-BiOCl composites exhibited en-

hanced absorption ability, indicating the high-efficiency solar har-

vesting. The PL emission spectrum (Fig. S4b in Supporting infor-

mation) of 15%CdS/Cd-BiOCl was similar to that of CdS/Cd with an

excitation wavelength of 573 nm, but the intensity was lower, ver-

ifying that the photoelectron-hole pairs recombination rate was ef-

fectively inhibited. This PL band was due to the deep trap emission

in connection with the excess interface sulfur [24,29].

In order to investigate the effort of as-prepared composites

on the transport behavior of charge carriers and the response

to light on photoelectrodes, photocurrents of CdS/Cd, BiOCl and

15%CdS/Cd-BiOCl were examined, as emerged in Fig. 2b. When the

light was turned on, it could be noticed that the photocurrent den-

sity was increased swiftly. Nevertheless, when the light was turned
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Fig. 3. (a) The photocatalytic activities of various samples toward tetracycline. (b) The photocatalytic cycle tests of sample 15%CdS/Cd-BiOCl. ESR spectra of 15%CdS/Cd-BiOCl

for DMPO-•O2
− (c) and DMPO-•OH (d).

off, it was abruptly depressed and maintained a comparative con-

stant value eventually. Strikingly, we learned that the photocurrent

density of 15%CdS/Cd-BiOCl attained to 0.3 μA/cm2, which was 2

and 10 times higher than that of CdS/Cd and BiOCl, respectively.

This tendency could be attributed to the efficacious improvement

of the charge separation efficiency. At the same time, in order to

further investigate the transfer properties of charge carriers, the

EIS of the as-synthesized photoelectrodes was evaluated, as pre-

sented in Figs. 2c and d. Perspicuously, by contrast with CdS/Cd

and BiOCl, 15%CdS/Cd-BiOCl indicated a significant decrement of

electrochemical impedance value both in light and dark irradia-

tion conditions. The Nyquist plots delivered the charge-transfer re-

sistance at the surface of the electrode, and the decline of semi-

circle implied that interfacial charge transfer and the separation

of electron-hole pairs [30,31]. Hence, the test data analysis of EIS

and PL showed that CdS/Cd-BiOCl could effectively suppress the re-

combination of photoelectron-hole pairs and accelerate the charge

transfer, thereby improving its photocatalytic performance.

Fig. 3a showed the photocatalytic activities of CdS/Cd, BiOCl

and a series of CdS/Cd-BiOCl composites. Obviously, there was al-

most no photodegradation in TC without any photocatalysts. Pure

CdS/Cd and BiOCl displayed poor photocatalytic activities, and only

43% and 21% of TC were removed within 3 h of irradiation. It

could be found that the photocatalytic activities of the CdS/Cd-

BiOCl samples were significantly improved. The TC photodegrada-

tion ratios of 10%CdS/Cd-BiOCl, 15%CdS/Cd-BiOCl, 20%CdS/Cd-BiOCl

and 25%CdS/Cd-BiOCl reached to 55%, 92%, 79% and 67%, respec-

tively. In particular, 15%CdS/Cd-BiOCl exhibited excellent photocat-

alytic performance, which was about 2.14 and 4.38 times higher

than that of pure CdS/Cd and BiOCl, respectively. The apparent

rate constant of photocatalytic degradation of TC over 15%CdS/Cd-

BiOCl composite was the highest, which was about 4.06 and 9.53

times higher than that of pure CdS/Cd and pure BiOCl, respectively

(Fig. S5a in Supporting information). Further increasing the CdS/Cd

loading (x > 15%) leads to the deterioration of photoactivity, which

might be ascribed to the surplus CdS/Cd could work as an optical

filter to shield incident light and thus the suppressing further en-

hancement of photocatalytic activity. The recycle experiment of TC

removal with the 15%CdS/Cd-BiOCl was performed and the results

were shown in Fig. 3b. The degradation efficiency of 15%CdS/Cd-

BiOCl showed a slight decrease after four repeated degradations.

The slight reduction in the removal performance perhaps could be

assigned to the slight loss of photocatalysts during the degrada-

tion process. In addition, the results of XRD patterns spectra ex-

hibited a crystal structure of 15%CdS/Cd-BiOCl after the recycling

reactions that were consistent with the fresh photocatalyst (Fig.

S5b in Supporting information). Therefore, the circulation experi-

ments showed that the construction of CdS/Cd-BiOCl composites

could slow down the photocorrosion of CdS.

Moreover, the filtrates of the photodegradation were subjected

to the ICP-OES for detecting the leaching of Cd. The obtained re-

sults were shown in Table 1. The leached amounts of Cd2+ in our

Table 1

Leached Cd2+ after photocatalytic reaction.

Element Ions leach (%) or concentration (mg/L) Ref.

Cd2+ 1.14% [32]

Cd2+ 4.5 × 10−5 mg/L [33]

Cd2+ 7.17 mg/L [34]

Cd2+ 0.9% This work

work were close to or even less than other reported [32–34]. It

could be assumed that the secondary pollution ascribed to leach-

ing made little difference, further indicating that the CdS/Cd-BiOCl

composite is a relatively stable photocatalyst.

Furthermore, in order to reveal the photocatalytic mechanism

over CdS/Cd-BiOCl photocatalysts, we performed the active species

capturing experiments. Ammonium oxalate (AO), as a scavenger for

h+, Benzoquinone (BQ) for •O2
−, AgNO3 for e−, and isopropanol

(IPA) for •OH, was introduced to the TC solution. The blank experi-

ment demonstrated that the 15%CdS/Cd-BiOCl showed a great per-

formance (Fig. S5c in Supporting information). As an outcome of

quenching, with addition of BQ, IPA, AgNO3 and AO separately, TC

photodegradation using 15%CdS/Cd-BiOCl photocatalyst was inhib-

ited to different degrees, and the photodegradation removal effi-

ciency at 3 h was decreased to 16.1%, 53.1%, 64.6% and 86.5%, re-

spectively (Figs. S5c and d in Supporting information). Therefore, it

revealed that •O2
− and •OH could be the main species in the TC

photodegradation process of reaction system. ESR technique was

used to detect the presence of various radical species in the dark

and under light irradiation. As displayed in Figs. 3c and d, charac-

teristic peaks of DMPO-•O2
− and DMPO-•OH were clearly observed

under 10 min of visible light irradiation in 15%CdS/Cd-BiOCl pho-

tocatalyst. The results of ESR indicated that •O2
− and •OH species

were major active species in this photocatalytic degradation re-

action, which was consistent with the results of trapping experi-

ments.

The Mott-Schottky curves of BiOCl and CdS/Cd were investi-

gated (Figs. S6a and b in Supporting information). The positions

of CB band for CdS/Cd and BiOCl were –0.41 eV and 0.33 eV re-

spectively. According to the formula of Eg = EVB – ECB, the valence

band (VB) positions of the CdS/Cd and BiOCl were estimated to be

1.64 eV and 3.76 eV respectively.

As shown in the schematic illustration (Scheme 1), under the

visible light irradiation, both BiOCl and CdS are irradiated to gen-

erate electron-hole pairs. The work function of Cd (4.08 eV) was

lower than that of CdS [22], and the electrons in metallic Cd would

transfer to CdS till the Fermi level alignment, which might pro-

mote the generation of the active species •O2
−. Meanwhile, after

Cd contacting with BiOCl, the CB electrons of BiOCl could readily

migrate to the metal Cd and combine with the photoinduced holes

in Cd. The VB holes of CdS could be quickly transferred to metal

Cd. Therefore, CdS/Cd and BiOCl formed a staggered band position,

the CB electrons of BiOCl and the VB holes of CdS were annihi-
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Scheme 1. Schematic illustration of proposed photocatalytic mechanism of CdS/Cd-

BiOCl for TC.

lated in metal Cd, resulting in higher electron hole separation rate

and redox potential. In addition, the redox potential of O2/
•O2

−

(–0.33 eV) [35] was less negative than the CB of CdS/Cd. There-

fore, oxygen could trap the surface electrons of CdS to form •O2
−.

Likewise, because the valence band of BiOCl was more positive

than the redox potential of OH–/•OH (+1.99 eV vs. NHE) [35] and

H2O/
•OH (+2.27 eV vs. NHE) [36], h+ in the BiOCl valence band

was easy to capture OH– and H2O in the environment and gener-

ated a large amount of •OH. Consequently, the active species •O2
−

and •OH would attack TC and degrade it. As a result of the differ-

ences in band energy potential, a Z-scheme mechanism over the

CdS/Cd-BiOCl photocatalysts was proposed. This Z-scheme charge

transfer synchronously generated CB electrons in CdS and VB holes

in BiOCl, and metal Cd served as electron mediator. It not only en-

dowed the ternary system with superior photoactivity, but also in-

hibited the photocorrosion of CdS.

In summary, the Z-scheme CdS/Cd-BiOCl films photocatalysts

were fabricated, and Cd had been successfully deposited in CdS

and acted as an efficient electron mediator. In addition, the

15%CdS/Cd-BiOCl displayed highly efficient photodegradation per-

formance and excellent recycling performance towards TC under

simulated solar irradiation. The excellent performance could be at-

tributed to the Z-scheme system, the CB electrons of BiOCl read-

ily migrated to the metal Cd, and the VB holes of CdS could be

quickly transferred to metal Cd at the same time, which drastically

enhanced the separation efficiency of photoelectron-hole pair. This

work may provide a new approach on the rational design of Z-

scheme films photocatalysts for photodegradation of organic pollu-

tants, which is of great importance for photocatalysts with efficient

charge separation and high photocatalytic performance.
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