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a b s t r a c t

There is an urgent demand for tuning the selectivity and activity of the photocatalysts to remove co-

existent pollutants simultaneously. Herein, we introduced the surficial activity sites into the bismuth

oxybromide (BiOBr), including the Bi/Bi-O defects and hetero Cu atoms, and then the higher photocat-

alytic activity and selectivity of BiOBr were realized for degradation phenol and ciprofloxacin (CIP). It can

be found that the Bi/Bi-O defects played more important role in enhancing the photocatalytic activity for

degradation of phenol, while the Cu atoms significantly improved the photocatalytic activity for removing

CIP. Moreover, the heterogeneous Cu atoms as the activity sites excited the reaction between phenol and

CIP even under dark condition and were beneficial for synchronously removing phenol and CIP. This work

provides a feasible way for BiOX photocatalyst to remove co-existent pollutants and may have a practical

application.

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

Medica, Chinese Academy of Medical Sciences.

Since the coronavirus pneumonia epidemic first broke out in

2019, COVID-19 has brought enormous health, economic, environ-

mental and social challenges [1]. Due to the serious infectiousness

and variation of the COVID-19, disinfectant water [2,3] and antibi-

otics were widely used and their usage was far exceeded the ex-

pected range. As the main contents of phenolic compounds in dis-

infectant, phenol is a colorless, moisturizing, highly toxic [4] and

difficult to biodegrade [5–7]. When the phenolic compounds en-

tered environment through sewage discharge, it would cause sec-

ond chemical pollution to threaten human health [8–10]. While for

the widely used broad-spectrum antibiotic, ciprofloxacin (CIP), it

has been reported that the abuse of CIP can easily induce bacteria

variations with drug resistance, thereby forming resistance genes

[11,12]. According to a report in September 2018, about 31mg/L

and 14mg/L of CIP were already detected in the pharmaceutical

wastewater produced by the factory and the wastewater produced

by urban life, and 2500 and 14μg/L of CIP were detected in the

surface water and groundwater [13–15]. Therefore, how to effec-

tively treat such phenol and CIP coexisted wastewater before they

go to global water circles should pay more attention [16].

Recently, several methods, including adsorption, chemical pro-

cess, condensation, photocatalytic degradation etc., and advanced

oxidation, prepolymerization, biodegradation engineering systems,

coagulation etc. have been reported to remove the phenol and CIP,
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respectively [17–19]. Among these techniques, semiconductor pho-

tocatalytic techniques have been regarded as one of the most ef-

fective and “green” methods because they can completely elimi-

nate the organic pollutants in a rapid, cheap and environmentally-

friend manner [20,21]. The photocatalysts as the core of the photo-

catalytic techniques directly determined the photocatalytic activity

and selectivity [22]. Bismuth oxybromide (BiOBr) with typical lay-

ered structure [23,24], has attracted great attention [25–28] due

to the high-efficiency and its visible light responded properties. It

does not only have quasi-2D [29,30] configuration favoring the for-

mation of layered structure [31] and high interlayer charge sepa-

ration efficiency, but also has the 2.45 eV band gap and suitable

redox potential for degrading pollutants into nontoxic molecules

[32–36]. Moreover, Chen et al. and Sin et al. reported that the BiOBr

presents the activity for photocatalytic degradation of antibiotics

and phenol, respectively [37,38]. However, efficient removal of two

co-existent pollutants is still a great challenge for BiOBr because it

mainly depends on its selectivity.

Herein, we proposed the introduction of Cu atoms as hetero ac-

tivity sites into defective BiOBr to tuning its selectivity and activity.

In the individual pollutant system, the existence of intrinsic Bi/Bi-

O activity sites [39] enhanced the photocatalytic activity of BiOBr

for removing phenol, while the doped Cu atoms were beneficial to

removing CIP. In the phenol and CIP co-exist system, both the in-

troduction of Bi/Bi-O and Cu atoms activity sites could realize the

efficient removal of phenol and CIP by BiOBr. What is more, the

Cu activity sites in BiOBr promoted the reaction between phenol
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Fig. 1. (a) X-ray diffraction patterns of BOB, BOB-D and BOB-Cu; (b) Raman spectra

of BOB and BOB-Cu; (c) XPS spectra of Bi3+ in BOB, BOB-D and BOB-Cu and (d) XPS

spectra of Cu2+ in BOB and BOB-Cu.

and CIP under dark condition and then presented the highest ac-

tivity for simultaneously degradation of phenol and CIP. Through

the tuning of activity sites, the effective degradation of the co-exist

pollutants will be achieved as we expected, which will provide a

new way for pollution control in the post-epidemic era.

The BiOBr-Cu photocatalyst was synthesized by the solvother-

mal method. Specifically, 2mmol Bi(NO3)3·5H2O, 2mmol NaBr, and

CuCl2 with a mass ratio of approximately 3 wt% of Cu to Bi

were dissolved in 60mL C2H6O2 solution with vigorous stirring for

10min. Then the mixture was ultrasonically dispersed for 15min

and stirrer at 600 r/min for 2h in a dark environment. Next, the

solution was transferred to a 100mL Teflon autoclave and kept at

160 °C for 12h. After cooling to room temperature, the precipi-

tate was collected and washed with deionized water and dried in

a vacuum at 80 °C for 12h to obtain Cu doped BiOBr (BOB-Cu),

in which a copper content is 3 wt%. The defective BiOBr (BOB-

D) was synthesized via a similar synthesis process without CuCl2.

The pure BiOBr (BOB) was also obtained through similar synthe-

sis steps, except that the ethylene glycol solvent was instead by

pure water. The detailed information of X-ray diffraction (XRD),

scanning electron microscope (SEM), energy-dispersive X-ray spec-

troscopy (EDS), ultraviolet-visible diffuse reflectance spectroscopy

(DRS), X-ray photoelectron spectra (XPS), photocurrent (PC) and

electrochemical impedance spectroscopy (EIS), and photocatalytic

activity characterizations were shown in the supporting informa-

tion. Their system energy was obtained by the DFT calculations,

see Supporting information.

The XRD patterns of the prepared catalysts were shown in Fig.

1a. All of the diffraction peaks can be well indexed with the BiOBr

(JCPDS #73–2061), indicating the BiOBr (BOB) has been success-

fully synthesized. For the Cu doped BiOBr (BOB-Cu), no impurities

such as Cu, CuBr2, or CuO were detected even in the samples with

different contents of Cu doping (Fig. S1 in Supporting information).

Raman spectra were further used to explore the bonding structure

of synthesized samples (Fig. 1b). The peaks at 110.5 cm−1 and 58

cm−1 could be assigned to be A1g internal and A1g external of Bi–

Br stretching mode, respectively [40,41]. It is worth noting that the

Raman vibration peak located at 110.4 cm−1 becomes broadened in

BOB-Cu as compared with the pure BOB. It could be attributed to

be the interaction between Br and Cu because the Cu–Br stretching

mode would introduce a peak at 108 cm−1 [42]. This may suggest

the formation of the Cu–Br bonds in BOB-Cu.

Fig. 2. (a, b) SEM images of BOB-Cu samples, and (c) the elemental mappings of Bi,

Br, Cu, O, and (d) HRTEM image of BOB-Cu.

To investigate the chemical states of BOB with defects and Cu

doping, the XPS spectra were further studied. As shown in Fig. 1c,

the two individual peaks located at 159.13 eV and 164.46 eV can be

associated to Bi 4f5/2 and Bi 4f7/2 of Bi3+. These two peaks slightly

shift to low binding energy, and are accompanied by the emer-

gency of new couple peaks at 158.84 eV and 164.16 eV in the BOB-

D, indicating the formation of low valence Bi(3−x)+ due to the exis-

tence of defects. According to our previous work, the existence of

Bi and Bi-O defects in bismuth based photocatalysts would result

in the slightly shift for lower binding energy and then we proposed

the formation of Bi/Bi-O defects in defective BiOBr (BOB-D) [43,44].

However, barely shift were observed in BOB-Cu. It may demon-

strate that the hetero Cu atoms would stay at the position of Bi/Bi-

O defects and the Cu doped into the BOB-D. More vivid evidence

can be found in the XPS spectra of Cu 2p (Fig. 1d). Compare with

BOB-D, a small peak that appears at 932.67 eV can be assigned to

Cu 2p3/2 of Cu2+, which is lower than the standard binding energy

of Cu 2p3/2 of Cu2+ (933.3 eV) [45]. It was thus deduced that Cu

atoms have been successfully introduced into the BOB.

The morphologies of as-synthesized samples were further eval-

uated by scanning electron microscopy (SEM), as shown in Figs.

2a and b and Fig. S2 (Supporting information). The BOB, BOB-D

and BOB-Cu possess a similar spherical structure, but detailed

results suggest that these spherical structure was consisted by the

nanosheets with the thickness of about 20nm. This morphology

agreed well with Wei et al. [46] and Hua et al. [47] report and

is a benefit for promoting the photocatalytic activity. No matter

introducing of intrinsic defects or Cu atoms doping, the morphol-

ogy of the BiOBr maintained the same, demonstrating that the

further improvement on the photocatalytic activity would not be

attributed to be the morphology. The 3% Cu atoms enabled the

observation of Cu in BOB-Cu by EDS mapping was not obvious,

but it still can be deduced from Fig. 2c that the distribution of the

Cu atoms is not in cluster. Fig. 2d showed the microstructure of

BOB-Cu, in which the lattice fringes of 0.278nm and 0.285nm are

well matched with the (110) planes of BiOBr and (200) planes of

CuBr, respectively. In addition, the Bi vacancies can be observed in

the disordered area. This results not only verified the existence of

Bi/Bi-O defects, but also demonstrated the hetero Cu atoms tent to

bonding with unmatched Br atoms.

To further verify the stability of Cu atoms in defective BOB, we

built atomic structure models of BOB, BOB-D, BOB-Cu (Fig. S3 in

Supporting information) based on the previously reported atomic

structure of BOB [48,49] and calculated their system energy (Ta-

ble S1 in Supporting information). Considering the uncertainty of

the position of Cu atoms, we first proposed that the Cu atoms as
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Fig. 3. (a) Photocatalytic degradation of phenol and (b) CIP by different catalysts under visible light irradiation and (c) the calcaultated photocatalytic degradation rate

of different photocatalysts. Photocatalytic degradation of phenol and CIP mixed solution by (d) BOB-D, (e) BOB-Cu photocatalyst under visible light irradiation and (f) the

calculated photocatalytic degradation rate of different photocatalysts.

exert atoms stayed on the Bi vacancies and interacted with the Br

atoms to maintain the stability of the BiOBr, as illustrated in Fig.

S3c. Then we proposed that Cu atoms located above the Bi va-

cancies and no interaction with the neighboring atoms, as shown

in Fig. S4 (Supporting information). According to our calculation,

the BiOBr with Cu atoms as exert atoms stay on the Bi vacancies

showed the lowest energy, in line with the HRTEM observation of

CuBr in BOB-Cu. It was thus deduced that the Cu doping is much

stable in defective BOB and these hetero atoms may instead the in-

trinsic vacancies and further affect the photocatalytic activity. The

photocatalytic performance of the samples was evaluated by pho-

tocatalytic degradation of phenol and ciprofloxacin (CIP) solution

under visible light. As shown in Fig. 3a, the removal of phenol

was only around ∼16.5% by pure BOB and ∼23.3% by BOB-Cu after

2h, but it became to be ∼43.7% by BOB-D. The BOB-D presented

much higher adsorption and photocatalytic activity for photocat-

alytic degradation of phenol. In contrast, the BOB-Cu showed the

highest photocatalytic activity for degradation of CIP. It is around

1.65 times and 1.43 times higher than that of BOB and BOB-D (Fig.

3b). Based on the calculated degradation rate in Fig. 3c, the photo-

catalytic activity of BOB was significantly enhanced by introducing

the activity sites. The intrinsic Bi/Bi-O defects play more important

role in improvement the photocatalytic activity for phenol degra-

dation, while the hetero Cu atoms have a major effect on the pho-

tocatalytic degradation of CIP.

We further carried out the photocatalytic degradation experi-

ment of the mixed solution of phenol and CIP. The photocatalytic

activity of BOB-D (Fig. 3d) and BOB-Cu (Fig. 3e) were significantly

increased for degradation co-existent phenol and CIP as compared

with the previously separated one. For BOB-D, it was interesting

to find that the final degradation rate for phenol and CIP were

achieved to be the same, although the adsorption of 7% in CIP and

19% in phenol at the beginning dark adsorption stage. While for

BOB-Cu, the degradation rate of phenol and CIP reached to almost

84.2% and 88%, but it was noticed that the decrement of phenol

and CIP in the dark adsorption stage is equivalent. It thus can be

deduced that the reaction between phenol and CIP could be pro-

moted by the BOB-Cu catalysts. The existence of Cu atoms leads to

higher catalytic activity for the reaction between phenol and CIP,

and further improved the photocatalytic activity of the mixed so-

lution (Fig. 3f). This further verified the photocatalytic selectivity of

the BiOBr was tuned by introduction of Cu atoms as activity sites.

The ultraviolet-visible diffuse reflectance spectra of samples

were shown in Fig. 4a. It was found that all the samples had ab-

sorption in the visible region. The absorption range was extended

from 425nm for BOB to be 450nm for BOB-D and 490nm for BOB-

Cu, and the corresponded band gap was estimated to be 2.44 eV

2.35 eV and 2.17 eV, respectively (Fig. 4a (insert)) [50]. The band

gap of BOB had been slightly narrowed after introducing defect

and following Cu doping. The photocurrent response of samples

under visible light were shown in Fig. 4b. It showed that all these

samples possess a good response of generating photo-induced car-

ries after activating by the visible light. The photocurrent density

was significantly enhanced in BOB-D and BOB-Cu, suggesting that

the introduction of these activity sites was a benefit for the sepa-

ration of the photo-excited electron-hole pairs. Then, electrochem-

ical impedance spectroscopy (EIS) was used to evaluate the charge

separation efficiency (Fig. 4c). The charge-transfer resistance can

be deduced from the diameter of the high-frequency semicircle in

the Nyquist diagram. It is widely accepted that the smaller diame-

ter semicircles indicate lower charge-carrier transfer resistance and

faster interfacial charge-carrier migration [51]. So it was further

verified that the introduction of the activity sites can decrease the

charge-carrier transfer resistance and be beneficial for the charge

transfer.

Furthermore, Mott-Schottky experiment was conducted to eval-

uate the band positions of the samples (Fig. 4d). The slope of the

linear 1/C2 potential curves was negative, indicating that BiOBr

is a p-type semiconductor characteristic and the doping does

not affect the intrinsically p-type behavior. The flat-band poten-

tial versus RHE was then calculated to be BOB (+1.50 eV), BOB-D

(+1.43 eV) and BOB-Cu (+1.36 eV), and the valence band (VB) po-

tential of the samples was thus estimated to be 1.26 eV, 1.19 eV,

and 1.12 eV, respectively. Therefore, the conduction band were de-

duced to be −1.18 eV, −1.16 eV, and −1.05 eV. It was worth not-

ing that the photo-induced holes on VB of BOB-D and BOB-Cu

cannot oxidize H2O to •OH radical because the standard redox

potential of H2O/
•OH (+2.38V, NHE pH 0) was more positive

than the valence band maximum of BOB-D (+1.19 eV) and BOB-

Cu (+1.12 eV) [52]. However, the photo-induced electrons on CB

of BOB-D and BOB-Cu can reduce O2 to •O2
− radicals because

the potential of conduction band minimum of BOB-D (−1.16 eV)

and BOB-Cu (−1.05 eV) was more negative than the standard re-

dox potential of O2/
•O2

− (−0.326V, NHE pH 0) [52,53]. Herein,
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Fig. 4. (a) The UV-vis spectrum and its band gap diagram (see insert illustration), (b) the spectrum of photocurrent and (c) EIS of different catalysts, and (d) Mott-Schottky

plots of BOB, BOB-D, BOB-Cu.

Fig. 5. The possible mechanism for phenol and CIP degradation over the BOB-D and

BOB-Cu catalyst under visible light irradiation.

the •O2
− radicals would be the main active substances during the

photocatalysis.

Accordingly, the photocatalytic degradation mechanism of phe-

nol and CIP by BOB-D and BOB-Cu photocatalysts was illustrated

in Fig. 5. Surface defects engineering had become an effective way

to improve the performance of photocatalysts [54–56]. By intro-

ducing Bi/Bi-O defects and doped Cu atoms, the light absorption

range was extended and meanwhile the charge recombination rate

was decreased, result in the enhancement of the photocatalytic ac-

tivity. Nonetheless, the Bi/Bi-O defects as activity sites selectively

promoted degradation of phenol, while the hetero Cu atoms tuned

to improve the photocatalytic activity for CIP degradation. Both of

these photocatalytic reactions were performed via •O2
− induced

reduction. Herein, the Bi/BiO vacancies offered the position for

holding the hetero Cu atoms and responded for tuning the charge

separation and selectivity of BOB. The Cu atoms as activity sites

not only take the advantage of charge separation in photocataly-

sis, but also benefit for the reaction between CIP and phenol with-

out irradiation. Therefore, the higher activity and selectivity of BOB

photocalytst for the degradation of mixed solution was achieved by

tuning the activity sites.

In summary, we introduced Bi/BiO defects and Cu atoms in

BiOBr by solvothermal method. Due to the existence of surficial

Bi/Bi-O and Cu atoms defects, the BiOBr photocatalysts present

higher photocatalytic activity and selectivity in degradation of phe-

nol and CIP. These defects not only enable the extension of the

photo-absorption range and decrease the recombination of the

photo-excited charges, but also they could act as the activity sites

to improve the photocatalytic selectivity of BiOBr by tuning the ad-

sorption and degradation of different pollutant. More important,

these activity sites accelerate the reaction between two pollutant

under dark condition and further promote the photocatalytic reac-

tion of the mixed solution and photocalysts. Therefore, this work

develops a new strategy for removing co-existent pollutants of

phenol and CIP by tuning the activity sites of BiOBr, and also pro-

vides some new insights for realizing the co-catalyst reaction via

synergistic effect.
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