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a b s t r a c t

The Z-scheme heterostructure for photocatalyst can effectively prolong the lifetime of photogenerated car-

riers and retain a higher conduction/valence band position, promoting the synergistic coupling of photo-

catalysis and peroxymonosulfate (PMS) activation. In order to fully utilize the luminous energy and realize

the efficient activation of PMS, this work achieved successful construction of NiCo2O4/BiOCl/Bi24O31Br10
ternary Z-scheme heterojunction by simultaneously synthesizing BiOCl and NiCo2O4 with NiCl2 and CoCl2
as the precursors. The intercalated BiOCl could serve as a carrier migration ladder to further achieve the

spatial separation of electron-hole pairs, so that the oxidation and reduction processes separately oc-

curred in different regions. Compared with the reported catalysts, the as-prepared composites exhibited

the enhanced removal efficiency for tetracycline hydrochloride (TCH) in the visible light/PMS system, with

a degradation efficiency of 85.30% in 2min, and possessed good stability. Z-scheme heterojunction was

shown to be beneficial for maximizing the superiority of photo-assisted Fenton-like reaction system. The

experimental and characterization results confirmed that both non-radicals (1O2) and radicals (SO5
•− and

SO4
•−) were involved in the reaction process and the SO5

•− generated by the oxidation of PMS played a

crucial role in the TCH degradation. The possible reaction mechanism was finally proposed. This study

provided new insight into the Z-scheme heterostructure to promote the photo-assisted Fenton-like reac-

tion.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The photo-assisted Fenton-like reaction with peroxymonosul-

fate (PMS) as the oxidant has attracted great attention for rapid

treatment of aqueous emerging pollutants [1–3]. The introduction

of PMS can regulate the introduction of the long-lived SO4
•− free

radical, and increase the content of other reactive oxygen species

(ROS) in the system [4,5]. Meanwhile, the introduced PMS captures

the photogenerated electron-hole pairs to be activated, so that the

exciton recombination rate is reduced and the light utilization ef-

ficiency is improved [6].

Previous reports have confirmed that the PMS could be ef-

fectively activated by transition metal-based photocatalysis, where

NiCo2O4 has been regarded as the promising catalyst due to its

narrow band gap and bimetallic active centers [7]. Nonetheless, se-

vere leaching of transition metal ions and short photo-generated
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carrier lifetime of NiCo2O4 hinder its potential of application. It

was documented that constructing heterostructure by introduction

of energy-level matched co-catalyst Bi24O31Br10 could be an effec-

tive solution [8]. However, as a type-II heterojunction, the reported

NiCo2O4/Bi24O31Br10 (NB) could not make full use of highly ac-

tive photo-generated carriers, resulting in its inability to efficiently

activate PMS with insufficient pollutant removal efficiency. The Z-

scheme heterostructure strategy can effectively inhibit the recom-

bination of photogenerated carriers and retain the high-level redox

potential, thereby better promoting the synergistic effect of pho-

tocatalysis and PMS activation [6]. Inserting suitable materials as

electronic “ladder” between NiCo2O4 and Bi24O31Br10 may realize

the construction of Z-scheme heterojunction. The wide band gap

semiconductor BiOCl, with the conduction band position at about

−0.1 eV, could act as a candidate for the introduced semiconductor

[9,10]. Simultaneously, relying on the open layered crystal structure

of Bi24O31Br10, providing sufficient Cl ions in the hydrothermal sys-

tem may bring about the in-situ generation of BiOCl on the surface
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Fig. 1. (a, b) The XRD patterns of as-prepared catalysts.

of Bi24O31Br10 [11]. Therefore, selecting suitable precursor materi-

als can achieve the simultaneous synthesis of BiOCl and NiCo2O4.

Based on the above, this study constructed a

NiCo2O4/BiOCl/Bi24O31Br10 (NBB) ternary Z-scheme heterojunction,

which was marked as NBB-1, NBB-2 and NBB-3 according to the

concentration of NiCl2 and CoCl2 in the precursor from low to

high, and the synthesis process details were shown in Support-

ing information. The properties and degradation performance of

the composite catalyst were explored, and the catalytic reaction

mechanism under vis/PMS was finally determined.

The composition and structure information of the catalysts

could be obtained by XRD patterns (Fig. 1). The peaks symbolizing

Bi24O31Br10 (JCPDS No. 75–0888) and BiOCl (JCPDS No. 85–0862)

were evidently shown in the curves of the as-prepared NBB cata-

lysts [12,13]. This indicated that the Cl element introduced in the

composite materials was in the form of BiOCl crystals, meanwhile,

BiOCl would appear as the main phase (NBB-3) when the amount

of Cl introduced was high (molar ratio of Cl−/Bi24O31Br10 at 2.80).

The characteristic peaks of NiCo2O4 could not be clearly observed

in the XRD pattern of the NBB catalysts, which was mainly due to

the poor crystallization performance of NiCo2O4. In addition, the

diffraction peak of each control sample was highly consistent with

its corresponding standard card, and there was no obvious impu-

rity peak in all XRD patterns, indicating that the synthesized sam-

ples were all high in purity and free of other impurities. The mor-

phology structure, elemental distribution and surface functional

groups of the catalysts were examined by SEM, TEM, STEM-EDX

elemental mapping and FI-IR (Figs. S1 and S2 in Supporting in-

formation). All the results confirmed the successful synthesis of

NiCo2O4/BiOCl/Bi24O31Br10. Combined with the XRD characteriza-

tion results, the synthesis reaction process of the NBB catalysts was

speculated as follows. During the hydrothermal synthesis of the

composite material, the Cl− in the reaction system penetrated into

the Bi24O31Br10 surface structure and replaced some of the Br sites.

Then, the surface lattice of Bi24O31Br10 collapsed due to the exces-

sive amount of Cl− substitution, thereby forming BiOCl/Bi24O31Br10
with a similar core-shell structure. Finally, NiCo2O4 was success-

fully synthesized and attached to the surface of BiOCl/Bi24O31Br10
to form NiCo2O4/BiOCl/Bi24O31Br10 (NBB).

The element composition in the NBB-2 catalyst were obtained

by XPS analysis. As shown in the survey spectrum (Fig. S3 in Sup-

porting information), the composite mainly contained seven ele-

ments: Co, Ni, O, Bi, Cl and Br. The Bi 4f XPS spectrum of the

catalyst (Fig. 2a) showed that the NBB material had two obvious

peaks at 158.6 and 163.9 eV, matching to Bi 4f5/2 and Bi 4f7/2 in

Bi3+, respectively [14]. The O 1s (Fig. 2b) could be deconvoluted

into four peaks located at 529.2, 529.8, 531 and 532.3 eV, repre-

senting lattice oxygen, Br–O bond, Cl–O bond and O–H bond in

water molecules adsorbed on the catalyst surface, respectively [15].

The high-resolution XPS of Br 3d and Cl 2p were further presented

in Figs. 2c and d. The diffraction peaks at 67.7 and 68.3 eV cor-

responded to Br 3d3/2 and Br 3d5/2, while the peaks at 197.8 and

199.1 eV matched up with Cl 2p3/2 and Cl 2p1/2 [16,17]. For Co 2p

(Fig. 2e), the Co 2p3/2 and Co 2p1/2 diffraction peaks could both

be deconvoluted into two small peaks separately symbolizing Co2+

(780.1 and 795.3 eV) and Co3+ (797.1 and 781.9 eV) [18]. Similarly,

the diffraction peaks at 855.1 and 873.3 eV attributed to Ni2+ and

the peaks at 856.7 and 875.1 eV corresponding to Ni3+ could be

observed in Fig. 2f [18]. The multivalent state of metal elements

was beneficial to promote the activation of PMS. Simultaneously,

XPS characterization results further confirmed the composite coex-

istence of NiCo2O4, BiOCl and Bi24O31Br24 in NBB-2.

Tetracycline hydrochloride (TCH) degradation experiments were

performed to investigate the efficacy of the nascent catalysts and

the results were shown in Fig. 3a. The order of TCH removal ef-

ficiencies in 2min was observed as NBB-2 > NBB-3 > NBB-1 >

NB > Bi24O31Br10 > NiCo2O4 which was also consistent with the

mineralization performance of catalysts (Fig. S4 in Supporting in-

formation). The corresponding rate constants of the first-order re-

action kinetics fitting were given in Table S2 (Supporting informa-

tion). NBB-2 exhibited the highest catalytic performance with its

reaction kinetic rate constant of 0.8481 min−1 much higher than

those in the same reaction system reported in recent years (Table

S3 in Supporting information). According to the apparent property

of the degradation curve, the catalytic reaction process could be di-

vided into two stages with 0.5min as the boundary. The composite

catalysts all possessed relatively high degradation rate in the first

0.5min, and then significantly decreased. Similar phenomena have

also been reported in some research of Co-based compound semi-

conductor materials [7,19]. This was owing to the strong effect of

Co(II) on the O–O bond in PMS molecule to produce abundant ROS,

and the construction of heterojunction could effectively accelerate

the Co(III)/Co(II) redox cycle [20]. The degradation rate constant of

NBB-2 in the first stage was also the greatest (2.0232 min−1), indi-

cating the successful construction of the ternary heterojunction.

Fig. 3b displayed the degradation of TCH in different reaction

systems. The results illustrated that the introduction of visible

light, PMS or catalyst alone had almost no effect on the degrada-

tion of TCH. Compared with single photocatalysis and Fenton-like

systems, the catalytic performance of the photo-assisted Fenton-

like composite system was significantly enhanced. For further clar-

ifying the reaction mechanism of photocatalyst activation PMS, a

synergy factor (S) was introduced with reference to the similar

study, and the calculation was carried out according to Eq. 1 [21]:

S = kvp

kv + kp
(1)

where kvp, kv and kp correspond to the kinetic constants of the

NBB-2/vis/PMS, NBB-2/vis and NBB-2/PMS systems, respectively,

and they were given in Table S2. The S value was calculated to be

1.43, greater than 1, indicating that the photocatalytic reaction and

Fenton-like reaction in the composite reaction system did not exist

independently but were promoted synergistically. Furthermore, the

S value of the NB/vis/PMS system in the previous study was cal-

culated according to this method to be 1.11, which is significantly

smaller than that of the NBB-2/vis/PMS system, confirming that the

introduced BiOCl is beneficial to promote the coupling of photo-

catalysis and PMS activation [8]. In the catalyst/vis/PMS composite

system, the holes and electrons excited by visible light accelerated

the PMS activation process, and simultaneously reduced the re-

combination of electron-hole pairs. The effect of various operating

parameters on degradation efficiency were explored and the relat-

ing results were displayed in Fig. S5 (Supporting information). The

results of catalyst recycling and ion leaching tests verified that the

as-prepared NBB-2 possessed good chemical stability and reusabil-

ity (Figs. S6–S8 in Supporting information).

The free radical scavenger experiments and ESR test were car-

ried out to determine the reactive species in the vis/PMS system.
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Fig. 2. High-resolution XPS of Bi 4f (a), O 1s (b), Br 3d (c), Cl 2p (d), Co 2p (e) and Ni 2p (f), respectively.

Fig. 3. (a) TCH degradation performance of the synthesized samples under PMS/vis system. (b) The effect of reaction protocols of TCH on NBB-2 performance. (c) Free radical

scavenger experiments with NBB-2 in vis/PMS system. ESR spectra in different systems: (d) •OH and SO4
•−-DMPO in water, (e) •O2

−-DMPO in methanol, and (f) 1O2-TEMP in

water.

The results demonstrated that SO5
•−, SO4

•−, holes and 1O2 played

a significant role in the reaction process, and •OH and •O2
− also

participated in the reaction (Fig. 3c). Figs. 3d-f are the ESR detec-

tion spectra of SO4
•−, •OH, •O2

− and 1O2, respectively. It could be

observed in Fig. 3d that the signals of SO4
•− and •OH were only

existing in the catalyst/vis/PMS system. This is consistent with the

material properties. In the catalyst/vis system, the valence band

(VB) energy of NiCo2O4 and Bi24O31Br10 was too low to produce
•OH, and BiOCl with a higher valence band position could not be

excited by visible light on account of its wide band gap [8,10]. For
•O2

− (Fig. 3e), the weak ESR signal was shown under the condi-

tion of only catalyst, suggesting that the catalyst itself could acti-

vate the dissolved oxygen in the solution. After the introduction of

visible light, •O2
− signal intensity increased significantly, indicat-

ing that the photoexcited carriers were retained in the conduction

band (CB) of NiCo2O4 with higher energy instead of being trans-

ferred to the CB of BiOCl, which could not produce •O2
−. This re-

sult convinced the successful construction of the Z-scheme hetero-

junction. After further adding PMS, it might promote the conver-

sion of •O2
− into other free radicals such as 1O2, resulting in weak-

ening of the ESR signal intensity, which also confirmed the results

of the masking experiment. As shown in Fig. 3f, there was no 1O2

produced in the case of only PMS and only catalyst. The 1O2 signal

of the photo-assisted Fenton-like system was stronger than that of

the photocatalytic system, because the introduction of PMS might

provide more 1O2 generation pathways [22]. The ESR results veri-

fied the existence of SO4
•−, •OH, •O2

− and 1O2 in the reaction sys-

tem, and confirmed the superiority of the photo-assisted Fenton-

like system.

The UV–vis diffuse reflection spectra of the as-prepared cata-

lysts were displayed in Fig. 4a. It could be observed that NiCo2O4

had a full-spectrum absorption capacity, while the light absorp-

tion boundary of Bi24O31Br10 was 467nm. Compared with the pure

Bi24O31Br10, the absorption intensity of the NB composite catalyst

had also been significantly improved. Suggesting that the forma-

tion of the NiCo2O4/Bi24O31Br10 heterojunction could increase the

visible light absorption capacity of the catalyst [23]. After the in-

troduction of BiOCl, the absorption range and intensity of NBB-2

were also enlarged compared to NB, which further illustrated that

the Z-scheme heterojunction had a better light utilization capabil-

ity than the type-II heterojunction.
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Fig. 4. (a) UV–vis DRS of as-prepared samples. (b) PL, (c) EIS Nyquist plots and (d)

photocurrent of pristine Bi24O31Br10, NB and NBB-2.

Fig. 5. Schematic degradation mechanism for as-prepared catalysts in vis/PMS sys-

tem.

The separation efficiency of electron-hole pairs and the carrier

transport ability were intently related to the catalytic performance

of the material, thus, photoluminescence spectroscopy (PL), elec-

trochemical impedance spectra (EIS) and transient photocurrent

(Figs. 4b-d) were characterized. Compared with Bi24O31Br10 and NB

composites, the PL intensity of NBB-2 was significantly reduced, in-

dicating that the Z-scheme heterojunction could better inhibit exci-

ton recombination [24,25]. EIS Nyquist spectrum showed that NBB-

2 exhibited the smallest arc radius, manifesting that it possessed

the best electron-hole pair separation and carrier transport abil-

ity [26,27]. At the same time, NBB-2 had the highest photocurrent

density under visible light, demonstrating that the introduction of

BiOCl significantly promoted the effective utilization of photogen-

erated carriers [28,29]. The photoelectric characterization of the

catalyst all confirmed the successful construction of the Z-scheme

heterostructure.

Based on the previous results, the possible mechanism of PMS

activation by NBB-2 was illustrated in Fig. 5. Different from the

type-II heterostructure of the binary composite NB, the BiOCl in-

troduced in NBB-2 presented as a “ladder” for electron transfer to

construct a Z-scheme heterostructure. The band gap and conduc-

tion/valence band position of Bi24O31Br10 and NiCo2O4 prepared

by hydrothermal method had been determined in the previous

work of our research group, and the relevant data were given in

Table S4 (Supporting information). Under visible light irradiation,

Bi24O31Br10 and NiCo2O4 were excited, while BiOCl could not be

excited due to its wide band gap (∼3.3 eV). The photogenerated

electrons in the CB of Bi24O31Br10 combined with the photogener-

ated holes in the VB of NiCo2O4 through the CB of BiOCl, and the

high-energy electrons and holes were retained. This process was

consistent with the ESR test results. Then, the electrons/holes of

NBB-2 respectively underwent reduction/oxidation reactions with

the PMS to form SO4
•−/SO5

•−. Simultaneously, •O2
− formed by O2

capturing photogenerated electrons could also reduce HSO5
− to

generate SO4
•− and 1O2 [30]. It is worth noting that, according

to the results of the free radical trapping experiment, the oxida-

tion reaction occurring in the VB should be dominant. The carrier

trapping reaction of PMS at the energy band of the catalyst could

effectively reduce the recombination of electron-hole pairs and im-

prove the utilization of photogenerated carriers. At the same time,

the high-energy position of energy band of the Z-scheme hetero-

junction also enabled the feasibility of PMS activation reaction oc-

curring. The transition metals in the composite material also par-

ticipated in the PMS activation through gain and loss of electrons

[26,31]. The highly active SO5
•− could be converted into SO4

•− (and
1O2), and SO4

•− could also be further reacted to obtain •OH and
1O2 [32].

In summary, this study successfully constructed ternary

composite catalyst with a Z-scheme heterostructure, and

studied its catalytic degradation performance of pollutant in

the photo-assisted Fenton-like system. The selected NBB-2

(NiCo2O4/BiOCl/Bi24O31Br10) exhibited high TCH degradation

efficiency, stable property, and reusability. Correspondingly, the

mechanism of the photo-assisted Fenton-like system had also been

explored. In the composite reaction system, the effects of visible

light and PMS were mutually reinforcing, rather than indepen-

dent. The activation process of PMS in the system was mainly

owing to the oxidation by photo-generated holes and high-valence

transition metals. The generated SO5
•− had high reactivity and

could further generate other free radicals to remove pollutants.

This work proposed a new reaction path for the photo-assisted

Fenton-like reaction system.
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