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In order to improve the photocatalytic activities of layered MOF bismuth terephthalate, five multiple halide
anion doped bismuth terephthalate composites were prepared by doping three or four halide anions each
with a molar ratio of X~/Bi** (X = F~, Cl~, Br~, I") at 0.25. The F~, Cl~, Br~ codoped and F~, Cl~, Br~, I~
codoped bismuth terephthalate composites exhibit 41 and 35 times higher photocatalytic degradation
activities for RhB, 7 and 6 times higher for salicylic acid than that of bismuth terephthalate. Excellent
photocatalytic activities could be ascribed to the microstructure of multiple halide anion doped
composites, large specific BET surface area and effective separation of photogenerated electron—-hole

iizzgﬁ% gthhl\%cvt:rai;f%is pairs. Incorporating multiple negatively charged F~, Cl, Br™, I into layered bismuth terephthalate can
improve the photocatalytic and electrochemical activities of bismuth terephthalate. The composites

DOI: 10.1039/c8ra08493a presented in this study can be potentially applied in photocatalysis and electrochemical fields as
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Introduction

Metal-organic framework (MOF) materials are promising for
photocatalysts owing to their tunable properties such as surface
functional groups, porosity, pore size, specific surface area, the
light absorption characteristics and charge transfer within the
framework." MOFs can be tailored not only to exhibit light
absorption by implementing organic chromophores but also to
facilitate electron transfer by complexing metal ions with
ligands in their porous metal-organic frameworks.”> Evidence
has been shown that the inner pores of MOFs can facilitate fast
electrons transport.>® All these unique features of MOFs
mentioned above allow scientists to explore unlimited possi-
bilities of using materials with low toxicity and naturally
abundant elements such as Zn, Bi, and Fe and ensuring the
continuation of future technology.® Bismuth-based photo-
catalytic materials have been paid more attention in the last
decades and play vital roles in pollutant removal, photocatalysis
and electrochemical applications.*** Among many different
MOFs developed,” bismuth-based MOFs are promising for
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solving current energy related challenges. As an environmen-
tally benign element,® bismuth-based MOFs constructed from
carboxylates or analogs have been reported to exhibit good
photocatalytic activities.'® But to date, bismuth terephthalate
has been overlooked even though the catalyst consisting of
bismuth terephthalate TiO,/Bi,(BDC);/BiOCl has been demon-
strated to be effective in pollutant degradation under visible
light irradiation.”” Bi,(BDC); itself has no apparent photo-
degradation activity. The layered microstructure of bismuth
terephthalate was envisioned as a potential candidate for the
construction of multifunctional materials.'®* For example,
bismuth terephthalate consists of [Bi,0,] slabs, which include
distorted Bi-O polyhedra. These [Bi,O,] sheets are connected
via 1,4-benzenedicarboxylic acid ligand along the z-direction to
create the pillared 3D structure (Fig. Siat). The continuous
chains of Bi-O bridges allow effective charge mobility within the
crystal of bismuth terephthalate.* More interestingly, its layered
microstructure is similar to that of inorganic semiconductors
BiOX (X = Cl, Br, I), which have been applied widely in photo-
catalysis and chemical conversion.”? The microstructure of
BiOCl was depicted in Fig. S1b.f It has been clearly shown that
combination of multiple species of halide anions (Cl~, Br),
(Br7,I"),(Cl,I)and (Cl™, Br_ and I") within BiOX framework
significantly enhances the photocatalytic activity.*** Because
halogens can induce efficient charge separation and trans-
fer.>**® Our previous studies have improved photocatalytic
performance for bismuth terephthalate by changing the halide
dopants, doped molar ratios of X /Bi*" were optimized from
0.25 to 0.75 and found that molar ratio of each halide anion at

This journal is © The Royal Society of Chemistry 2018


http://crossmark.crossref.org/dialog/?doi=10.1039/c8ra08493a&domain=pdf&date_stamp=2018-11-14
http://orcid.org/0000-0002-4770-8941
http://orcid.org/0000-0003-0896-1474
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra08493a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA008067

Open Access Article. Published on 14 November 2018. Downloaded on 12/4/2025 3:19:39 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

0.25 was an optimal composition concentration.*** But a sys-
tematical study bismuth terephthalate is still needed to eluci-
date the effect of multiple halide dopants with the same molar
ratios on bismuth terephthalate.

Herein, this study was designed to investigate the effect of
incorporating multiple species of halide anions from the
combination of F~, Cl7, Br and I" on photocatalytic activities
of bismuth terephthalate. Five composites i.e. T1 (containing
F, Cl, Br7), T2 (containing F, Cl, I"), T3 (containing F,
Br—,17), T4 (containing C1~, Br~,I") and T5 (containing F, Cl ™,
Br~, I") were prepared in N,N-dimethylformamide (DMF) with
a fixed molar ratio of X /Bi*" at 0.25. Their photocatalytic
activities were studied on the degradation of RhB and salicylic
acid. Active species trapping experiments were also performed
on RhB degradation under visible light irradiation over T1
catalyst.

Experimental section
Preparation of composites

For each composite sample prepared in this study, fixed amount
of Bi(NO3);-5H,0, 1.33 mmol (0.645 g), was used, the molar
ratio of each halide anion from NaF, NaCl, NaBr and Nal relative
to Bi(NO;); was kept at 0.25 (0.3325 mmol) and 2 mmol (0.332 g)
of terephthalic acid was used. The detailed preparation process
of the T1 composite was as followed. First, terephthalic acid was
dissolved in 15 mL of DMF by stirring while Bi(NO3);-5H,0 was
dissolved separately in 20 mL of DMF by sonication. Three
species of sodium halides NaF, NaCl, and NaBr (each 0.3325
mmol) were added to the terephthalic acid solution and stirred
for 10 minutes. Then the solution of Bi(NO;); was added
dropwise into the halide containing terephthalic acid solution
with vigorous magnetic stirring. Finally, the resulted mixture
was transferred to a 100 mL of Teflon-lined stainless steel
autoclave and heated at 120 °C for 24 h without stirring. The
mixture was allowed to cool to room temperature. The precipi-
tate was collected by filtration, washed with ethanol and
deionized water and dried at 100 °C overnight. Similarly,
composites T2 (NaF, NaCl, and Nal as halide source), T3 (NaF,
NaBr, and Nal as halide source), T4 (NaCl, NaBr and Nal as
halide source) and T5 (NaF, NaCl, NaBr, and Nal as halide
source) were prepared by using the same procedure.

Characterization of multiple halide doped composites

Powder X-ray diffraction (XRD) patterns of as-prepared samples
were obtained on Bruker D8 Advance using Cu Ko radiation (A =
0.15404 nm) with 26 ranging from 10° to 80° at a scanning rate
of 0.05° s~ . FT-IR spectra were tested on a Nicolet NEXUS 4700
spectrometer. The morphologies of samples and the average
atomic percentage were obtained on an SU8010 field emission
scanning electron microscope equipped with energy dispersive
X-ray (EDX) analysis. UV-Vis diffuse reflectance spectroscopy
(DRS) was performed on a Shimadzu UV-2550 spectrophotom-
eter, which was equipped with an integrating sphere. Photo-
current test and electrochemical impedance spectroscopy (EIS)
was performed on CHI760E electrochemical station. The
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frequency range of EIS was 1-100 kHz with the initial electric
voltage at 1.6 V and the amplitude at 0.005 V. The Brunauer-
Emmett-Teller (BET) specific surface areas of composites were
determined by N, adsorption-desorption isotherms on
a Micromeritics ASAP 2020 gas adsorption apparatus. Pore-size
distributions were obtained from the adsorption isotherms by
using the Barrett-Joyner-Halenda (BJH) model for data fitting.
Photoluminescence (PL) spectra of as-prepared samples was
obtained from FL-7000 spectrophotometer.

Evaluation of photocatalytic activities

In each experiment, the composite catalyst (50 mg) was
dispersed in 50 mL of RhB (20 mg L") or salicylic acid aqueous
solution (20 mg L") by sonication at a constant temperature of
25 °C in a water bath for 10 min. Then the suspension was
magnetically stirred for 2 h in the dark to reach the adsorption-
desorption equilibrium. Subsequently, the RhB mixture was
exposed to visible light (350 W xenon lamp with 420 nm cutoff
filter) while the salicylic acid mixture was exposed to UV light
(350 W xenon lamp with 365 nm cutoff filter) with a constant
magnetically stirring speed. The photolysis was performed at
25 °C. The progress of photocatalytic degradation was moni-
tored by taking 3 mL of reaction suspension at specified time
intervals. This suspension was centrifuged and then filtered
through a Millipore filter to remove the residue photocatalysts.
The concentration was analyzed from the recorded absorbance
at 553 nm and 296 nm for RhB and salicylic acid, respectively.

Active species trapping experiments over T1 catalyst

Excess benzoquinone (BQ), ethylenediaminetetraacetic acid
disodium salt (EDTA) and isopropanol (IPA) with a final
concentration of 1 mmol L™ were added into 50 mL of RhB
(20 mg L") aqueous solution over T1 catalyst for trapping
superoxide radical (-O*>7),** holes (h*),”> and hydroxyl radical
(-OH).* The procedure of photodegradation was similar to that
of RhB photodegradation over T1 catalyst under visible light
irradiation.

Electrochemical measurements

The transient photocurrent measurements and electrochemical
impedance spectroscopy (EIS) were carried out on CHI760E
electrochemical station in a standard three-electrode system,
with the catalyst-coated FTO glass as the working electrode, a Pt
foil as a counter electrode, and a saturated Ag-AgCl electrode as
the reference electrode. The light source was from a 3 W 365 nm
LED UV lamp. The electrolyte was 0.4 M Na,SO, solution.
Multiple 100 s switch on - switch off cycles without bias voltages
were used to perform for photocurrent tests.*®

Results and discussion
Composition analysis and morphologies

IR spectra from all five multiple halide anions doped bismuth
terephthalate composites T1-T5, terephthalic acid, bismuth
terephthalate (BiBDC) are shown in Fig. 1. Detailed spectra of
each sample are shown in Fig. S2-S8 (in ESI{). Characteristic
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Fig. 1 IR spectra of T1 to T5, terephthalic acid and BiBDC.

peaks of carboxyl groups from terephthalic acid are identified at
1683.2 cm™ ' (C=0) and 1286.4 cm ™' (C-0), consistent with the
reported data in the literature.’” After the carboxyl groups of
terephthalic acid coordinate with Bi*" to form BiBDC, these
peaks disappear and two new characteristic peaks (1532.1 and
1381.7 cm ') emerge. All prepared multiple halide anions
doped bismuth terephthalate composites have absorption
peaks at 1511.1-1520.6 cm™' and 1365.8-1399.5 ¢cm ', indi-
cating the presence of complexation between carboxyl groups
and Bi*". T2, T3, T4 and T5 composites have additional
absorption peaks at 1684.1, 1671.0, 1682.4 and 1684.5 cm *,
respectively. This suggests that carboxyl groups of terephthalic
acid within T2-T5 are partially coordinated to Bi**. Doped
multiple halide anions can affect the coordination of Bi*'.
Surprisingly, two carboxyl groups within the composite T1
(containing F~, CI~, Br~) are completely coordinated to Bi*'.
This can be confirmed by disappearing of two peaks at
1683.2 cm™ ' and 1286.4 cm ™! with two new absorption peaks
appearing at 1511.9 cm ™~ ' and 1399.5 cm ™. It is noteworthy that
doped I" anions for T5 composite (containing F~, CI”, Br~ and
") enormously change the coordination of Bi*" with carboxyl
groups.
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Fig. 2 Representative SEM images of the obtained samples T1 (a), T2
(b), T3 (c), T4 (d), T5 (e) and BiBDC (f).

Normal XRD patterns (10 to 80 degree) and low angle XRD
pattern (from 0 to 5 degree) of as-prepared multiple halide
anions doped bismuth terephthalate can be seen in Fig. S9 and
$10 (in ESIT). T1 composite shows relatively higher crystallinity
than those of other multiple halide anions doped bismuth
terephthalate. The result from low angle XRD patterns show
that MOF scaffold was not changed after halide anions doped.

The real molar ratios of halide anions X~ to Bi** within as-
prepared samples can be determined by the EDS patterns.
Each kind of halide anions was used for the preparation of these
composites with the molar ratio of X /Bi*" at 0.25. Experimen-
tally determined atomic ratios of doped halide anions in the
composites do not equate to the ratios from the results of EDS
(Table 1 and Fig. S11-S15 in ESIt). Overall, all halide anions can
be doped into bismuth terephthalate. For F~, CI” and Br™, they
are easy to be doped owing to their smaller ionic radius.
Moreover, bromide anions were preferentially doped into the
composite over all other halide anions. And for I", it is the least
favourable in doping, attributing to its large ionic radius. For T1
and T5 composites, a little difference between them is the
presence of a small amount of I within T5.

The morphologies of as-prepared samples were character-
ized by SEM images. Fig. 2 shows the SEM images of T1 to T5
and BiBDC. The study shows a transformation of rod-like
morphology in BiBDC to lamellar structures upon doping with
multiple halide anions. T1 presents a well-defined lamellar
microstructure while T2 and T3 composites have both rod-like

Table 1 Degradation rate constant k (min™%) for RhB, k (h™) for salicylic acid and specific BET surface area over multiple halide doped

composites
Degradation rate constant
k on RhB and salicylic Specific BET surface
Samples acid (min~"/h™") area (m* g ") EDS analysis ratios
T1 (containing F~, Cl™, Br) 0.41/0.37 20.91 F:CI:Br:Bi=0.16:0.52:0.63: 1¢
T2 (containing F~, CI~, 17) 0.03/0.23 Not determined F:CI:1:Bi=0.13:0.46:0.02:1"
T3 (containing F, Br—, I7) 0.08/0.10 Not determined F:Br:1:Bi=0.11:0.38:0.06:1°
T4 (containing C1~, Br, I7) 0.17/0.09 6.62 CI:Br:1:Bi=0.23:0.40:0.03:1¢
T5 (containing F~, Cl7, Br, ") 0.35/0.28 18.17 F:CI:Br:I1:Bi=0.12:0.12:0.26:0.03 : 1°
BiBDC 0.01/0.05 Not determined Not determined

“ Prepared ratios: F: CI: Br: Bi = 0.25:0.25: 0.25 : 1. ” Prepared ratios: F: CI:T1:Bi = 0.25: 0.25: 0.25 : 1. © Prepared ratios: F: Br:I: Bi =
0.25:0.25 : 0.25 : 1. ¢ Prepared ratios: CI: Br:1: Bi = 0.25: 0.25 : 0.25 : 1. © Prepared ratios: F: CI: Br: I: Bi = 0.25: 0.25: 0.25 : 1.
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Fig. 3 Nitrogen adsorption—desorption isotherms and pore size
distribution of T1, T4 and T5.

and lamellar structures. The lamellar microstructure of T4 and
T5 composites were irregular in shape. Lamellar aligned
morphology of T1 may enhance the activity of photocatalysts
according to the knowledge from previous report.*

Surface properties of the as-prepared composites

N, adsorption-desorption isotherms and broad pore size
distributions of T1, T4 and T5 are shown in Fig. 3a and b. Their
specific Brunauer-Emmett-Teller (BET) surface areas have been
found to be 20.91, 6.62, and 18.17 m* g~ ' respectively. A type IV
isotherm with a type H3 hysteresis loop in each sample can be
found according to the IUPAC classification. T1 shows the
largest BET surface area among all due to its well-defined
lamellar microstructure, ideal for adsorption of organic
pollutants and light absorption. Unlike T1, T5 contains a small
amount of iodide ions, resulting a decreased specific BET
surface area (18.17 m> g~ ).

Optical and photoelectric properties of as-prepared
composites

UV-Vis diffuse reflectance spectroscopy (DRS) are used to
investigate the optical properties of the catalysts. The results are
presented in Fig. 4a. The absorption edges of as-prepared
samples locate at about 390 nm in the UV region; thus, they
are UV light-responsive catalysts. In order to investigate the
characteristics of photoinduced charge separation for all five
composites, photoluminescence (PL) emission and transient
photocurrent response were measured. Fig. 4b shows the PL
spectra of the as-prepared composites at 25 °C with an excita-
tion wavelength of 314 nm. As it is well known, the lumines-
cence occurs via the recombination of electrons in the
conduction band and holes in the valence band. A sample with
low photoluminescence intensity has the low recombination
rate of the electrons and holes, an important indicator for
strong photocatalytic activity.*® As shown in Fig. 4b, the PL
spectra of T1 composite displays lowest PL intensity among five
multiple halide anions doped composites, clearly revealing its
superior separation efficiency of photogenerated electron-hole
pairs. On the other hand, the photoelectric properties of T1 to
T5 were evaluated with a three-electrode system. Fig. 4c shows
transient photocurrent responses of T1 to T5 and BiBDC under
intermittent UV light illumination from a 3 W LED lamp. T1 and

This journal is © The Royal Society of Chemistry 2018
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Fig.4 UV-Vis DRS (a) and the photoluminescence (PL) spectra (b) of the
as-prepared samples T1-T5; transient photocurrent response of T1-T5
and BiBDC under UV light irradiation (c); visible light degradation of RhB
over catalyst T1 in the presence or absence of scavengers (d).

T5 electrodes both exhibit stronger photoelectric current than
BiBDC, supporting their higher efficiency in electron-hole pair
separation under UV light irradiation than other composites.

Electrochemical impedance spectroscopy (EIS) of T1 and T5
electrodes

T1 and T5 composites have relatively good photocatalytic
activities, which could be attributed to the enhanced charge
transfer by doping bismuth terephthalate with multiple halide
anions. Electrochemical impedance spectroscopy (EIS) of T1
and T5 electrodes were performed under a frequency range of 1-
100 kHz and the Nyquist plots of both electrodes are shown in
Fig. 5. The diameter of semicircle in Nyquist plot quantifies the
charge transfer resistance.** From Nyquist plots, T1 composite
has lower charge transfer resistance than T5, suggesting that
the charge-transfer resistance was increased in the presence of
iodide anion in the T5 composite owing to larger diameter of
semicircle.

Photodegradation activities over multiple halide anions
doped composites

Rhodamine (RhB) and salicylic acid with 20 mg L™ were used
as model pollutants to evaluate photodegradation activities over
as-prepared multiple halide anions doped bismuth tere-
phthalate composites. Because all catalysts are UV light
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Fig. 5 EIS Nyquist plots of T1 and T5 electrode without UV light irra-
diation (a) and with UV light irradiation (b).
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Fig. 6 Degradation of 20 mg L™! RhB under visible light irradiation (a)
and 20 mg L% salicylic acid under UV light irradiation (b) over multiple
halide anions doped composites.

response, colorless salicylic acid can be degradated only under
UV light irradiation. Degradation of RhB under visible light and
salicylic acid under UV light was monitored respectively.
Concentration variations (C/C,) for RhB and salicylic acid with
the radiation time are shown in Fig. 6. The apparent rate
constants were calculated based on the pseudo-first order
kinetics by plotting In(C,/C) as a function of time, where the C,
and C are the concentrations (mg L") at time zero and at
a given time ¢ under light irradiation respectively and & is the
first order degradation rate constant (min~" for RhB and h™" for
salicylic acid). The results are summarized in Table 1. For RhB,
degradation of RhB itself under visible light is negligible. All five
as-prepared composites exhibit good visible light degradation
activities than BiBDC. T1 composite (containing F~, CI” and
Br ) exhibits the best degradation efficiency with the rate
constant 0.41 min~ " (Table 1). It is 41 times higher than that of
bismuth terephthalate (BiBDC, 0.01 min~'). RhB with
a controlled concentration of 20 mg L' were completely
decomposed by T1 within 10 minutes under visible light irra-
diation. Photocatalytic activity of composite T5 is 35 times
higher than that of BiBDC. Comparing with T1, the decrease of
degradation activity for T5 can be related to its smaller specific
BET surface area, irregular morphology and the presence of
doped iodide anions.

Degradation of colorless salicylic acid by all five composites
is much slower process than degradation of RhB. Fig. 6b and
Table 1 show T1 and T5 composites exhibit photocatalytic
activities with the reaction rate constant of 0.37 and 0.28 h™*,
respectively, better than T2, T3 and T4. Quantitatively, T1
exhibits 7 times higher photocatalytic degradation of salicylic
acid than BiBDC, while T5 exhibits only 6 times higher.
Compared with our reported results previously about the pho-
tocatalytic degradation of RhB under visible light irradiation,
single Br~ anion doped bismuth terephthalate from the similar
preparation method exhibits 13 times higher degradation
activity than BiBDC.** Furthermore, binary F~ and I anions co-
doped bismuth terephthalate presents 26 times higher RhB
degradation activity than bismuth terephthalate in the same
conditions.** Apparently, doping from multiple halide anions
greatly enhances photodegradation activity of RhB to 41 and 35
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times higher from T1 (containing F~, ClI™, Br™) and T5 (con-
taining F~, Cl°, Br, I") respectively. It is also clear that
degradation of RhB and salicylic acid was impeded by the
presence of doped iodide anions owing to the decrease of BET

specific surface area.

Possible visible light photodegradation process on RhB

To elucidate photodegradation process of RhB over multiple
halide doped bismuth terephthalate composites under visible
light irradiation, scavenging experiments for common active
species such as hydroxyl radical (-OH), superoxide radical
(-0*7), electron (e”) and active holes (h*) in the photochemical
process were conducted. In the experiment, the scavenger
such as BQ, EDTA and IPA for trapping -O°, h* and -OH,
respectively was added to the RhB solution containing T1
composite under visible light irradiation. The results are
summarized in Fig. 4d. Experiments show that both BQ and
EDTA suppress the RhB degradation and IPA has no apparent
effects. This suggests that -O*~ and h* are responsible for RhB
degradation. Superoxide radicals are produced from the
surface-adsorbed molecular oxygen after reacting with photo-
generated electrons. It indicates forming and separation of
photogenerated electrons and holes are crucial for the degra-
dation of RhB. It is similar to that of single halide and binary
halides doped bismuth terephthalate composites.*****® Pho-
todegradation of RhB itself is negligible in the absence of as-
prepared catalyst during the experimental process. The cata-
lyst plays important role for RhB photodegradation. The result
of UV-Vis-DRS reveals T1 is an UV light responsive catalyst.
Photocatalytic degradation of RhB over T1 under visible light
irradiation can only be explained through photosensitization
process, colored RhB can be used as a photosensitizer under
visible light irradiation, i.e., RhB absorbed on the surface of
catalyst T1 was excited under visible light irradiation, its high
energy electrons were transferred into the conduction band of
the catalyst and then reacted with oxygen to produce super-
oxide radicals, which can decompose RhB. And holes also can
participate in photodegradation reactions directly or indirectly
to mineralize the pollutants.*®*

Conclusions

Five multiple halide anions doped bismuth terephthalate
composites were prepared by doping three or four halide anions
and keeping the molar ratios of X /Bi** at 0.25, i.e., T1 (con-
taining F~, CI™, Br ™), T2 (containing F~, C17,I"), T3 (containing
F,Br,1), T4 (containing CI~, Br~,I") and T5 (containing F,
Cl7, Br™, I'). Their photodegradation activities were evaluated
by degrading RhB under visible light irradiation and by
degrading salicylic acid under UV light irradiation. Among all
five composites, T1 and T5 exhibit excellent visible light
degradation activities for RhB and UV light degradation activi-
ties for salicylic acid. T1 and T5 composites exhibit 41/35 times
higher degradation activity on RhB and 7/6 times higher
degradation activity on salicylic acid than that of BiBDC. F,
Cl7, Br anions codoped bismuth terephthalate (T1) exhibits

This journal is © The Royal Society of Chemistry 2018
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excellent photocatalytic activities, while addition of iodide
anions as the co-dopant little hindered these activities owing to
the induced large charge-transfer resistance from the incorpo-
ration of iodide anions into bismuth terephthalate. The higher
photodegradation efficiency of T1 and T5 was ascribed to
regularly lamellar morphology, large specific BET surface area
and efficient separation of photoelectron-hole pairs and charge
transfer. Bismuth terephthalate was doped with multiple halide
anions, providing the negative charges interacting with [Bi,O,]
sheets to enhance catalytic performance for pollutants removal.
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