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® BB-x composites could act as stable
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ABSTRACT

In this study, the Biy;O3;Br;o nanosheets were successfully synthesized using hydrothermal method.
Subsequently, series binary BUC-21/Bi»403;Br;o composites were fabricated by facile ball-milling method. The
results suggested that the introduction of a specific quality of Bi»4O31Br; on the surface of BUC-21 could en-
hance the utilization efficiency of white light and suppress the photo-induced carriers recombination to promote
the photocatalytic efficiency. The BB-100 (the mass ratio of BUC-21/Bi4O31Bry¢ being 1) exhibited the best
performance, in which 99.9% Cr(VI) ions were photoreduced into Cr(III) upon the white light irradiation within
120 min. As well, the influences of small organic acids, initial pH, light intensities along with the co-existing
matters on the Cr(VI) removal were investigated. Furthermore, the Box-Behnken experimental design metho-
dology proved that the photoreduction process was significantly influenced by the co-existing inorganic anions
and negatively charged dissolved organic matters (DOM). After 4-run recycling for the adsorption-photo-
reduction of Cr(VI) experiments, the BB-100 still exhibited satisfied reduction activity with good stability and
reusability. A possible reaction mechanism was proposed and clarified through the electrochemical determi-
nation, time-resolved photoluminescence decay spectra, active species trapping experiments, electron spin re-
sonance analyses (ESR) and density functional theory (DFT) calculation.
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1. Introduction

Hexavalent chromium (Cr(VI)) is an extremely harmful pollutant in
various aquatic environments, which was originated from several in-
dustrial activities including but not limited to printing, pigments, lea-
ther tanning, electroplating [1-4]. Being compared with low-toxic and
stable form of trivalent chromium Cr(III), Cr(VI) might exert enormous
threat to human being and the other organisms due to its ultra-high
toxicity, mutagenicity, carcinogenicity and high solubility [5-8].
Therefore, the transformation from Cr(VI) to Cr(IIl) is imperative for
the sake of reducing toxicity and weakening mobility of Cr(VI). Up to
now, a range of techniques including chemical reduction [9-12],
electron-reduction [11,13,14], micro-reduction [15,16] and photo-
catalytic reduction [2,17] have been used to achieve Cr(VI) reduction in
industrial effluent. Nevertheless, among the reduction methods, the
photocatalytic Cr(VI) reduction under UV, visible, UV/visible or even
solar light is deemed as an effective, green and low-cost way for elim-
inating Cr(VI) pollution, which attracted considerable attentions in
field of environment remediation [2,18-20].

Metal-organic frameworks (MOFs) have been developed rapidly in
environmental photocatalysis in recent decades [2,19,21-23]. Their
predominant photocatalytic activity can be ascribed to the abundant
catalytically active sites (metal-ligand nodes), functional organic lin-
kers, metal-oxo clusters, specific surface area, tunable pore size, des-
ignable framework architecture as well as the possibility to be func-
tionalized [22,24-26]. For example, Zn-containing MOFs ZIF-8 had
been proven to have sufficient removal efficiency and recyclability for
oxidation of methylene blue [27]. Zr-based MOFs NH,-UiO-66 could be
excited under visible light and exhibited outstanding activities toward
photodegrading organic contaminants and photoreduction of Cr(VI)
[28-30]. Amino-modified Ti(IV)-based MOFs NH,-MIL-125 acted as a
preeminent photocatalyst to accomplish transform from amines to
imines [31] and Cr(VI) photoreduction under visible light illumination
[32]. Morsali’s research group has synthesized TMU-series MOFs-based
photocatalysts, which exhibited good photocatalytic activity in photo-
oxidative desulfurization (PODS) process and organic pollution removal
[33-35]. BUC-21 is a newly synthesized Zn-based 2D MOFs, which
exhibited superior activity for Cr(VI) removal under UV light illumi-
nation [36,37]. Nevertheless, band gap energy (E,) of BUC-21 is ap-
proximately 3.4 eV [36], implying its low solar energy utilization effi-
ciency. Additionally, the photocatalytic application of pristine MOFs is
inefficient due to their poor electronic conductivity [22,38-40].
Therefore, the combination of MOFs with other light-harvesting and
highly conductive inorganic semiconductors might be an effective
strategy [41-45].

Bismuth-based photocatalysts have attracted increasing attentions
because of their non-toxicity, significant availability and chemical in-
ertness [46-49]. As a narrow band gap semiconductor (approximately
2.7 eV), Biy,03,Br is a competitive candidate for harvesting the solar
energy [50]. Up to now, it has been applied for Cr(VI) photoreduction
[50], H, generation [50] and organic contaminants degradation
[51-54]. However, as a fast-growing photocatalyst, Bi>4O31Br still has
two inherent drawbacks. Firstly, a green and simple synthesis method
was urgently needed. For example, chemical precipitation combined
with post-heating treatment (the samples calcined at 300-800 °C) was
mainly used for the synthesis of Biy,O3;Brio [50,55]. Alternatively,
microwave-assisted reaction [51,53] and organic solvothermal process
(ethylene glycol or glycerol was applied as the solvent) [52,54] were
also carried out to synthesize Bi»4O3;Br;o photocatalysts. Up to now,
there is no literature about hydrothermal synthesis of Biy;O3;Bryo.
Secondly, the rapid recombination of photo-generated electron-hole
pairs significantly led to the declined photocatalytic performance [56].
To overcome the above shortcomings, fabrication of effective composite
photocatalysts should be further studied. Recently, He et al. reported
the construction of NiFe,0,4/Biz4O31Br;o by thermal decomposition
method [57]. Liu and co-workers first synthesized BisOsBro/

Chemical Engineering Journal 389 (2020) 123431

Bi»4031Br10/BisSiOs heterojunctions using in-situ ion exchange reac-
tion [58]. All these composites displayed high-efficiency photocatalytic
performances due to their synergistic effects. However, to the best of
our knowledge, MOF/Bi4O3,Br;o composite photocatalysts haven’t
been developed so far.

In this study, Bi»4O31B1¢ was firstly synthesized using hydrothermal
method. Furthermore, Bi»;O3;B;0 was successfully coupled with highly-
efficient MOF photocatalyst (BUC-21) to generate the BUC-21/
Biy4031Brio composites by the facile ball-milling method. The optical
properties, morphologies and structures of BUC-21/Bi»;,03,Br;o (BB-x,
x is the weight percentage of Bi»4O3,Br;o according to the BUC-21)
composites were characterized, and their photocatalytic activities to-
ward Cr(VI) reduction were evaluated upon the illumination of the
white light. The results revealed that as-prepared BB-100 could achieve
highest photoreduction efficiency. The improved performance might be
ascribed to the accelerated separation rate of electron-hole pairs and
efficient utilization of white light. Furthermore, BB-100 exhibited good
stability and recyclability after 4-run recycling experiments. The plau-
sible reaction mechanism for the Cr(VI) removal over BUC-21/
Biy4031Brio was also proposed and tested.

2. Experimental
2.1. Fabrication of photocatalysts

2.1.1. Synthesis of BUC-21

BUC-21 was synthesized by the solvothermal method as reported in
the previous literatures [36,37,59]. Briefly, a mixture of 0.0410g
ZnCl,, 0.0470g 4,4-bipyridine, 0.1070g cis-1,3-dibenzyl-2-ox0-4,5-
imidazolidinedicarboxylic acid and 18.0mL H,O was sealed in a
25.0 mL Teflon-lined autoclave and heated at 160 °C for 3 d. Finally,
through the processes of centrifugation, filtration, washing and drying,
the white crystals of BUC-21 were obtained.

2.1.2. Synthests OfBi24O3jBT10

In this study, the nanosheets of Bi»4O3;Br;o were directly synthe-
sized by hydrothermal method. Specifically, 1.000 g Bi(NO3)3-5H,0 and
1.000 g cetyltrimethyl ammonium bromide (C;¢H33(CH3)3NBr, CTAB)
were dissolved in 40.0 mL ultrapure water with the aid of stirring
15 min. Then, the pH value of the solution was adjusted to 11.5 by
adding 1 mol/L NaOH aqueous solution. The obtained suspension was
stirred at room temperature for 45min, and then transferred into
100 mL autoclave. After heating at 160 °C for 18 h, the resulting pre-
cipitates were washed with ultrapure water and ethanol in turn, finally
dried at 80 °C under vacuum for 12 h.

2.1.3. Fabrication of BUC-21/Biz403;Brio

The BUC-21/Bi»403;Br;o composites were prepared by ball-milling
method (Scheme 1). Briefly, the mixed powders were ground in a
Nanjing Nanda planet-type grinding mill system at 30 Hz for 20 min.
The details of composites with different amount of BUC-21 and
Biy4031Bro were illustrated in Table 1. Furthermore, the as-prepared
materials were characterized by XRD, FT-IR, UV-vis DRS, PL, XPS,
SEM, TEM, HRTEM, ESR, electrochemical analysis, etc. The details
about these characterization techniques, Box-Behnken methodology
and DFT calculations were shown in Supporting Information (ESI).

2.2. Photocatalytic performance measurement

The photocatalytic activities of the as-prepared materials were
evaluated through the photoreduction from Cr(VI) into Cr(III). About
50.0 mg of the materials were added to 200 mL Cr(VI) solution with the
initial concentration being 10 mg/L, in which the initial pH values were
adjusted with diluted H>SO, or NaOH. In order to achieve the ad-
sorption-desorption equilibrium between photocatalysts and Cr(VI)
solutions, the reaction suspension was continually stirred in
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Scheme 1. The preparation procedure of BUC-21/Bi»;,03,Br;, composites.

Table 1
The designations of the BUC-21/Bi»403,Br;o composites with various dosages
of Biz4031Br10.

No. BUC-21/mg Bij4031Brio/mg Sample name
1 100 25 BB-25

2 100 50 BB-50

3 100 75 BB-75

4 100 100 BB-100

5 100 125 BB-125

6 100 150 BB-150

photophobic condition for 40 min prior to the photoreaction. Upon the
white light irradiation provided by 500 W Xe light (the spectrum of the
used light source was shown in Fig. S1), 2.0 mL the aqueous solution
was extracted and filtered through 0.45 um membrane filter at certain
time intervals for subsequent measurements. The concentration of re-
sidual Cr(VI) in the samples was colorimetrically measured at 540 nm
using the diphenylcarbazide method in a Laspec Alpha-1860 UV-vis
spectrophotometer [30,60].

2.3. Electrochemical test

The Mott-Schottky curves, electrochemical impedance spectroscopy
(EIS) and the photocurrent analysis were measured on a Metrohm
Autolab PGSTAT204 electrochemical workstation. A Pt electrode and a
saturated Ag/AgCl electrode were applied as the reference electrode
and the counter electrode, respectively. The as-prepared photocatalysts
(BUC-21, Biy403,Br;o or BB-100) were fabricated on the FTO substrate
to be the working electrodes following the procedure listed as below:
0.005 g samples were dispersed in 400 pL of ethanol-Nafion (19/1 v/v)
to generate homogeneous slurry with the help of sonication for 30 min,
and the suspension was drop-casted on a FTO substrate (1 cm X 1 cm).
All the tests were carried out in 0.2 mol/L Na,SO, solutions (pH = 7.3)
at room temperature and a 300 W Xe lamp was applied as light source.

3. Results and discussions
3.1. Characterizations

The powder X-ray diffraction (PXRD) patterns of BUC-21,
Bi»403,Bryo and series composites were depicted in Fig. 1(a). The dif-
fraction peaks of BUC-21 powder were perfectly in agreement with the
PXRD patterns simulated from the single crystal data of BUC-21
[36,37], indicating that BUC-21 was successfully synthesized. The
Biy403,Br;o sample displayed the strong diffraction peaks of (10 2),
(206),(213),(117),(201) and (01 1) crystal planes at 10.5°, 25.1°,
29.8°% 31.8°, 46.0° and 57.0°, respectively. All diffraction peaks matched
well with the standard XRD patterns (JCPDS No. 75-0888), indicating
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that the monoclinic phase of Bi4031B1o (A2/m) was fabricated in this
work. As to the BUC-21/Bi4O3;Brio composites, the PXRD patterns
were consistent with both of BUC-21 and Biy;O31Br¢ structures, sug-
gesting the co-existence of BUC-21 and Biy4O3;Brio phases. In detail,
the characteristic peaks at 13.6°, 15.9°, 20.5° and 25.5° were assigned to
the pristine BUC-21, whereas the peaks at 10.5°, 29.8°, 31.8°, 46.0° and
57.0° could be attributed to the Biy4O3;Br;.

The functional groups together with chemical bonding of materials
can be detected by Fourier transform infrared (FT-IR) spectra. As illu-
strated in Fig. 1(b), the wide and strong peak in the range of
3250-3600 cm ™~ * was probably assigned to the stretching vibrations of
—OH of adsorbed water molecules [61,62]. In the FT-IR spectrum of
BUC-21, the peaks at 1645 and 1417 cm™' were attributed to the
asymmetric and symmetric vibrations of C = O, whereas C-N stretching
vibrations were observed at 1220 and 1141 cm~ ! [36]. Being compared
with the spectrum of BUC-21, the broad peak centered at 1621 cm ™!
was belong to the Bi-O stretching vibrations in Bi4O3;Brio [57]. The
well-matched FT-IR peaks of the series of composites further confirmed
that Bi»4O3;Br;o was interacted with BUC-21 successfully.

As shown in Fig. 1(c), the BUC-21 photocatalyst possessed absorp-
tion maxima at 248 and 320 nm, whereas Bi»403,Br exhibited notable
visible light absorption at wavelengths between 400 and 600 nm. Ob-
viously, the absorption edge of the series of as-prepared materials was
similar with that of pure Bi»;O3;Br;o with long tails at the longer wa-
velengths, and the optical absorption intensity was decreased gradually
in the visible region range with the increase of BUC-21 content. It was
also implied that forming composites between the BUC-21 and
Bi»4031Br; led to enhance absorption ability both in UV and visible
light regions, which might be ascribed to the synergistic effect between
both photocatalysts. Therefore, the aforementioned results revealed
that the as-prepared materials might have photocatalytic activity under
UV-visible light [63,64].

The E; of BUC-21, Biy4O3;Br;o and the corresponding composites
were calculated through the Tauc’s plots, as illustrated in Fig. 1(d). The
E, values of BUC-21 and Biy4O3,Br;o were about 3.47 and 2.65eV,
respectively, which were close to those reported in the literatures
[36,50,51]. It is notable that the E; of the corresponding composites
tended to turn narrower after the addition of Biy4O31Bryo, and the
composites demonstrated light yellow color, which was quite different
from the white color of BUC-21. Those phenomena suggested that the
response of the as-prepared photocatalysts under the visible light could
be obviously enhanced, thus might improve the photoreduction per-
formance by generating more photo-generated electron-hole pairs
[2,22].

The scanning electron microscopy (SEM), transmission electron
microscopy (TEM) and high-resolution transmission electron micro-
scopy (HRTEM) images of BUC-21, Bi»4O31Br;o and BB-100 were illu-
strated in Fig. 2. As exhibited in Fig. 2(a) and (d), BUC-21 displayed the
polyhedron structures, which were consistent with the observation re-
ported previously [37]. As to Bip4O3:,Brio (Fig. 2(b) and (e)), it pos-
sessed irregular nanosheets and smooth surface with 100-500 nm in
width. Moreover, BB-100 was chosen to be the representative sample
for further investigations. From Fig. 2(e) and (f), it can be found that
the surface of BB-100 was relatively rough, which could be attributed to
that Biy4O3;Brjo nanosheets were distributed uniformly and highly
dispersed on the surface of BUC-21. Fig. 2(g) and (h) further confirmed
that the composites were successfully formed between Bi>4O3;Brig
(bright parts) and BUC-21 (dark parts). In Fig. 2(f), Biz4O31Brio in
composites revealed the fringe spacings of 0.841 and 0.251 nm, which
can be indexed to the (1 0-2) and (—308) crystal planes in
Biy4031Brio (JCPDS No. 75-0888). Moreover, the EDS elemental map-
pings (Fig. 3) suggested that the targeted elements (Zn, Bi, Br, N and O)
were uniformly distributed over BB-100.

X-ray photoelectron spectroscopy (XPS) analysis was carried out for
the purpose of exploring the elemental binding states of the fabricated
composites (Fig. 4). As illustrated in Fig. 4(a), the XPS survey spectrum
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Fig. 1. (a) PXRD patterns, (b) FT-IR spectra, (c) UV-vis DRS and (d) E; plots of BUC-21, Bi»4O3;Br0, and the corresponding BUC-21/Biz403,Br;o nanocomposites.

displayed that the dominating elements of BB-100 were C, N, O, Zn, Bi
and Br. The C 1s spectrum obtained at high resolution was shown in
Fig. 4(b), which can be curve-fitted into four different peaks at 284.5,
284.8, 285.7 and 288.6 eV. The peaks at 284.5 and 285.7 eV can be
assigned to C=C/C-C and C-O present in the cis-1,3-dibenzyl-2-0x0-4,5-
imidazolidinedicarboxylic acid, respectively [65,66], and the peaks at
284.8 and 288.6 eV can be attributed to C-H and N-C=0 of BUC-21
[67]. The N 1 s spectrum in Fig. 4(c) displayed two peaks at 399.1 and
400.0 eV, corresponding to the N-H and sp hybridized N atoms in C=N
of bpy [68,69]. Fig. 4(d) displayed the high resolution O 1 s spectrum,
in which the two peaks at 529.6 and 531.8 eV can be assigned to the Bi-
O bonds of BB-100 and O-H groups of BUC-21, respectively [70]. From
Fig. 4(e), the two peaks at 1022.4 and 1045.5 eV in the Zn 2p spectrum
can be assigned to Zn 2p3,, and Zn 2p, /5, respectively. A comparison of
Bi 4f XPS spectra of Bi,403;Br;o and BB-100 was present in Fig. 4(f). It
can be observed that the two peaks at 164.5 and 159.2 eV were ascribed
to Bi 4f,,, and Bi 4fs 5 in pristine Bi»4O3;Br; 0, respectively [71,72]. For
BB-100 composite, the Bi 4f spectrum can be split up two peaks at about
163.8 and 158.5eV, respectively, which were lower than that of
Biy4031Bro. For Br 3d spectrum, the characteristic peak at 68.3 eV was
indexed to Br~ in BB-100 (Fig. 4(g)) [73]. Furthermore, the remarkable
shift (-0.4 eV) to lower binding energy in Br 3d spectrum of BB-100 was
also observed. Energy shifts found in both Bi 4f and Br 3d spectra might
be ascribed to the change of chemical environment caused by the in-
teraction between Biy4O3,Br, and BUC-21. It is well known that the
binding energy of the target element is affected by its electron density
[74,75]. The electron-rich BUC-21 may transfer some electrons to
Biy4031Bry, resulting in the increased electron density of Biz4O31Brio.
Therefore, the Bi 4f and Br 3d peaks of BB-100 composite were shifted

to the lower binding energies [74,75]. Additionally, the nitrogen ad-
sorption—-desorption experiments revealed that the BET surface areas of
the as-prepared materials increased to a certain extent (as shown in
Table S1), from 1.10 m?/g (BUC-21) to 5.36 m?/g (BB-150), further
indicating the BUC-21/Bi»403;Br;o composites had been successfully
synthesized.

3.2. Photocatalytic performance for removal of Cr(VI)

The feasibility of photocatalytic decontamination of Cr(VI) by BUC-
21, Bi4051Brio, BB-25, BB-50, BB-75, BB-100, BB-125 and BB-150 was
investigated under white light, as illustrated in Fig. 5. In order to make
clear the nature of reaction, control experiment was firstly conducted.
The results revealed that the reduction of Cr(VI) was negligible in the
dark or in the absence of photocatalyst. Moreover, all the composites
showed better photocatalytic performance than those of pure BUC-21
(22.2%) and Bi4O31Brio (36.5%). As shown in Fig. 5(a), the photo-
catalytic activities of BUC-21/Bi»403,Br;o, composites were strongly
related to the additive amount of Bi»4O3;Bry( in the composite. When
Biy4031Brio was introduced into BUC-21, the removal efficiency was
increased from 48.7% achieved by BUC-21 to 99.9% over BB-100
composite. Additionally, the pseudo-first-order kinetic model was ap-
plied to calculate the photoreduction rate over different photocatalysts
[2]. It can be observed that photocatalytic activity of BB-100 displayed
the fastest reduction rate (0.06287 = 0.00314 min~!), which was 30.7
and 16.7 times higher than those of pure BUC-21 (0.00205 =
0.00006 min~") and Biz403Brie (0.00377 + 0.00007 min~'), re-
spectively (Fig. 5(b)). The improvement of the photocatalytic activities
could be ascribed to the broadening of the light absorption spectrum,
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Fig. 2. SEM and TEM images of (a, d) BUC-21, (b, €) Bi»4031Br10, (e, f) BB-100 and (g-i) HRTEM images of BB-100.

along with the suppressed recombination of electron-hole pairs in BUC-
21 with the addition of Bi4O3;Br;q in the composites. However, when
the amount of Biy;O3;Br;¢ was further increased beyond the optimal
proportion like BB-100 (volcanic peak) [76], the photocatalytic activity
was inclined to deteriorate, which was similar to the previous studies
[37,60,77]. Additionally, the photocatalytic performance of Cr(VI) re-
moval between BB-100 and the other photocatalysts reported in recent
years was also compared as shown in Table 2. The results revealed that
BB-100 was a white light-responsive photocatalyst with excellent per-
formance for Cr(VI) reduction.

3.2.1. Effect of various hole scavengers

The effect of hole scavengers on the photoreduction of Cr(VI) was
explored in the presence of three small molecular weight organic acids
(SOAs), namely oxalic acid, citric acid and tartaric acid. As exhibited in
Fig. 6, the photoreduction rate of Cr(VI) was enhanced by the in-
troduction of above-mentioned SOAs, which followed the order of no
SOAs (0.06287 = 0.00314min~!) < oxalic acid (0.06737 +
0.00623min~1) < citric acid (0.07348 + 0.00355min~!) < tartaric
acid (0.08169 + 0.00656 min~1). This result suggested that the pho-
toreduction of Cr(VI) under white light irradiation over BB-100 was
strongly related to the chemical structure of organic compounds, which

Fig. 3. The EDS elemental mappings of BB-100 composite.
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Fig. 4. XPS spectra of BB-100: (a) survey, (b) C1s, (c) N 1s, (d) O 1s, (e) Zn 2p; the comparisons of (f) Bi 4f and (g) Br 3d spectra.

was similar to the former reports that the presence of different SOAs
could change the photoreduction rates of Cr(VI) [87,88]. Actually,
photooxidation of the sacrificial organic acids can markedly influence
the coupled photoreduction rate of Cr(VI) by photo-generated elec-
trons. The added SOAs might be oxidized by photo-generated holes or
attacked by generated "OH radicals. The SOAs have different abilities of
trapping reactive oxygen species, resulting in the chemical structure
dependence of the photoreduction performance for Cr(VI) removal
under light irradiation [2]. Furthermore, the other excitation pathway
of photo-generated electron had been explained by a well-known
charge-transfer-complex theoretical model between the SOAs and metal

site on the surface of photocatalysts [89,90]. Therefore, the white light
irradiation induced the intramolecular electron transfer from SOAs to
BB-100, resulting in the generation of organic radicals (RCO, ), which
can also reduce Cr(VI) into Cr(III) [87,91].

3.2.2. Effect of initial pH of the reaction solution

Investigation on the solution pH is significant in the adsorption-
photoreduction process since it might influence the existing form of Cr
(VD) ions and the surface potential of the photocatalyst [19,86]. The
concentration changes of residual Cr(VI) over BB-100 at various pH
values were illustrated in Fig. 7. Evidently, the photoreduction
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Fig. 5. (a) Photoreduction of the Cr(VI) at pH = 2 using various photocatalysts after 120 min white light irradiation and (b) their corresponding apparent reaction

rate constants (k).

Table 2
Comparative performance of typical photocatalysts for Cr(VI) reduction.

Photocatalysts Experimental conditions

Reduction efficiency (%) Reference

pH Dose (mg) Volume (mL) Concentration (mg/L)

Time (min) Light source

MIL-68(In)-NH, 2.0 40 40 20 180 300 W Xe lamp (> 420 nm) 97 [78]1
Pd@UiO-66(NH>) 2.0 20 40 10 920 300 W Xe lamp (> 420 nm) 100 [29]
RGO-UiO-66(NH>) 2.0 20 40 10 100 500 W Xe lamp (> 420 nm) 100 [79]
CuS@MIL-125 2.1 25 50 48 70 500 W Xe lamp (> 420 nm) 52 [2]
g-C3N4@MIL-53(Fe) 2.0 20 50 10 180 500 W Xe lamp (> 420 nm) 99 [771
WO;@MIL-53(Fe) 2.5 20 100 45 240 Sunlight 94 [80]
Bi,S3 nanosphere 2.0 20 40 40 120 500 W Xe lamp (> 420 nm) 90 [81]
Bi,WOg nanosheet - 60 50 10 120 300 W Xe lamp (> 420 nm) 100 [82]
g-BN@BiOCl 2.0 32 40 10 150 300 W Xe lamp (> 420 nm) 92 [83]
p-NiO@n-Nb,Os 2.0 50 50 58 300 500 W Tungsten lamp 100 [84]
Cu,0@BiVO, - 50 100 9 120 300 W Xe lamp (> 420 nm) 100 [85]
g-C3N4,@GO@BiFeO3 2.0 500 200 120 300 W Xe lamp (> 400 nm) 100 [86]
BB-100 2.0 50 200 10 120 500 W Xe lamp 99 This work
(a) :
1.0 ! —=— No hole scavenger
—e— Oxalic acid
0.8 —a— Citric acid
. —w— Tartaric acid
0.6+
o
S
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Fig. 6. (a) Photoreduction of Cr(VI) with different SOAs and (b) their corresponding k values. Conditions: BB-100 = 50 mg, Cr(VI) = 10 mg/L, 200 mL, pH = 2.0.

efficiency can be increased rapidly by the decreasing pH values (99.9%,
76.3%, 37.1%, 15.3%, 9.6% at pH = 2, 3, 4, 6 and 8, respectively).
Under different pH circumstances, Cr(VI) ions present in different forms
[2,19]. When 2 < pH < 6, the dominating form of Cr(VI) is Cr,0,2~
or HCrO,4 ~, and the photocatalytic reduction of Cr(VI) occurs following
the Egs. (1) and (2). Under the alkaline surroundings, Cr042~ is the
main specie, leading to a reaction as expressed in Eq. (3).

Cr02™ + 14H* + 6e~ — 2Cr3* + 7H,0 (@)

HCrO; + 7H* + 3¢~ — Cr3* + 41,0 )

CrO% + 4H, O+ 3e~ — Cr(OH); + 50H- 3

It is obvious that the acidic medium is favorable for photoreduction
of Cr(VI) because of the presence of substantial H*. It was noteworthy
to noting that BB-100 displayed the greatest adsorption capacity at
pH = 2 (4.5%), which can be ascribed to that the zeta potential of BB-
100 became more negative with the increase of pH values (as illustrated
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Fig. 7. (a) Effect of initial pH values on Cr(VI) reduction, (b) Zeta potential of BB-100 as a function of pH value.

in Fig. 7(b)). The isoelectric point of BB-100 was determined to be ca.
3.24, hence the zeta potential of the BB-100 was positive when the
pH < 3.24. The surface of the BB-100 had stronger adsorption activity
toward anionic Cr(VI), thereby the Cr(VI) ions can be continuously
accumulated on the surface of BB-100 to enhance the ability of cap-
turing photo-generated electrons and ultimately improved the photo-
reduction efficiency of Cr(VI) under acidic conditions. However, the
surface charge of the BB-100 became negative at higher pH conditions,
which tended to adsorb the cationic Cr(III) and electrostatically repel
the anionic Cr(VI) [78]. The interfacial resistance made it difficult for
the anionic Cr(VI) to gain the photo-generated electrons. Moreover,
when pH > 6, the Cr(OH); precipitates were inclined to be formed on
the surface of BB-100, which could cover the active sites of photo-
catalysts, thereby decreasing its photocatalytic performance [17].

3.2.3. Effect of light intensity

For general photocatalytic reaction, with the increase of light intensity,
the number of photons absorbed by the photocatalyst will also increase,
thus enhancing the corresponding photocatalytic efficiency. The effect of
light intensity on pseudo-first-order kinetic constant of Cr(VI) photoreduc-
tion was investigated at pH = 2.0. As shown in Fig. 8(a), the Cr(VI) removal
efficiencies decreased with the lower light intensity (40.7%, 76.7% and
99.9% corresponded to 15.18, 24.25 and 46.07 mW/cm?, respectively). The
k values were consistent with the photoreduction efficiencies, following the
order of 15.18 mW/cm?® (0.00492 + 0.00027 min~') < 24.25mW/cm?
(0.01381 + 0.00092min~"') < 46.07 mW/cm?® (0.06287 = 0.00314
min~Y). Therefore, the k values were found to increase almost linearly with
light intensity with the presence of 0.5g/L BB-100 particles in reaction

(a) !
1.0
0.8
0.6
l\.’c 4
o 0.4+
02_. —=—46.07 mW/em?
| —e—24.25 mW/em?
0.04 ——15.18 mW/em?
—T T T T T T T T T
60 -40 -20 0 20 40 60 80 100 120
Time (min)

(b)

solution (Fig. 8(b)), which was similar to the typical semiconductor pho-
tocatalyst reported previously [92].

3.2.4. Effect of co-existing matters

The presence of co-existing ions and dissolved organic matter
(DOM) might affect the Cr(VI) adsorption-photoreduction behaviors
during photocatalytic process. In order to investigate the practical ap-
plications of as-prepared photocatalysts, real lake water and tap water
were selected to prepare Cr(VI) solutions to proceed photocatalytic
reaction under the optimal experimental condition. The water quality
parameters of the above two types of waters were shown in Table S2. As
shown in Fig. 9(a), the photoreduction percentages of Cr(VI) were de-
creased significantly in lake water (72.0%) and tap water solutions
(62.2%). And the k values followed the order of tap water
(0.00635 + 0.00015min"1) < lake water (0.01071 =
0.00021 min 1) < ultrapure  water (0.06287 + 0.00314 min~ 1)
(Fig. 9(b)). As the surface of BB-100 was positively charged at pH = 2,
which facilitated the adsorption of inorganic anions (C1~, NO3 ™, SO4%~
and PO,>7) and negatively charged DOM on the active sites of the BB-
100 through electrostatic attraction. Hence there was a competition in
adsorption between the co-existing anions and Cr,0,2~, thus weak-
ening the photoreduction efficiency [37,93]. Meanwhile, it can be ob-
served that the photoreduction rate of Cr(VI) was decreased in tap
water compared to that in lake water, which might be mainly ascribed
to the different concentrations of the co-existing organic components.
As illustrated in Fig. 9(c) and (d), excitation-emission matrix (EEM)
spectra indicated that fluorescence signals of the lake and tap water
samples located at E,/E, = 230-245/380-400nm, which were

0.07 4

0.06 4

30 35

Light intensity (mVV/cmz)

Fig. 8. (a) Effect on light intensity variation on Cr(VI) removal and (b) light intensity versus k values, r? = 0.82. Conditions: BB-100 = 50 mg, Cr(VD) = 10 mg/L,

200mL, pH = 2.0.
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Fig. 9. (a) Effect on water matrix variation on Cr(VI) removal and (b) their corresponding k values, (c) and (d) excitation-emission matrix spectra of tap water and

lake water used in this study.

referred to the humic-like components such as humic acid (HA) or
fulvic acid (FA) [94,95]. Because the maximum fluorescence intensity
of humic-like components in lake water (547 QSU) was much higher
than that in tap water (178 QSU), therefore the abundant HA or FA
molecules can serve as electron donor to scavenge the photo-generated
holes [96,971], resulting in suppressing electron-hole recombination and
promoting the photocatalytic reduction of Cr(VI) ions.

In order to verify the above conjecture, the Box-Behnken experi-
mental design methodology was used to further study the effects of co-
existing matters on the photoreduction process. It was believed that the
inorganic cations (K*, Na*, Ca®* and Mg?") existed in two water
matrices might not influence the photoreduction process distinctly due
to that they can’t consume the photo-induced electrons or holes re-
sulting from the stable and highest oxidation states [98]. As shown in
Table S3, the effect of 4 experimental variables, namely the con-
centration of C1~ (A), NO3~ (B), SO42~ (C) and DOM (D) on the pho-
tocatalytic efficiency of Cr(VI) removal was investigated. Table S4 (4
factors and 29 runs) exhibited the results of analysis of variables for the
photoreduction efficiency of Cr(VI) using BB-100 under white light ir-
radiation. Meanwhile, a quadratic polynomial model was obtained to
predict the relationship between the response (photocatalytic efficiency
%) and independent variable, as expressed in Eq. (4).

Efficiency % = 80.80 — 3.25A — 0.25B — 7.58C + 9.25D + 2.50AB
— 1.00AC + 0.75AD + 5.00BC — 0.75BD — 0.25CD

— 2.984% — 0.48B2 — 2.73C% — 4.98D? @

Table S5 listed the results of ANOVA for the photoreduction effi-
ciency of Cr(VI) using BB-100 under white light irradiation. Significant
parameter of this model was < 0.0001, and the r? and rfdjusted values
were 0.98 and 0.96, respectively, indicating that the experimental data
can highly describe the proposed model obtained by the Box-Behnken
response surface methodology. Besides, according to the F-values of
variables, it can be concluded that the influence of 4 variables on Cr(VI)
reduction fitted the following order: D > C > A > B. This result

indicated that the presence of DOM, SO,®~ and Cl~ had remarkable
impact on photoreduction efficiency. Since the concentration range of
NO3;~ was relatively narrow, so the corresponding input values had
little effect on the final output values. Moreover, to investigate the in-
teraction between the above-stated variables, three-dimensional sur-
faces plots were shown in Fig. 10. It can be seen that the photoreduction
efficiency decreased with increase in the concentration of inorganic
anions, especially for SO4>~. This was because SO,>~ ions were doubly
charged and its adsorption capacity on the BB-100 at acid medium was
stronger than that of CI~ and NO3;~ [98]. Additionally, the increasing
of DOM concentration showed a positively significant effect on photo-
reduction efficiency. The optimum efficiency was fitted by the Box-
Behnken methodology with the initial concentrations of C1~, NO; ™,
S0.%~ and DOM were 36.4, 9.5, 76.3 and 10.5mg/L, respectively.
Based on the above experimental and theoretical results, it can be
concluded that the photoreduction efficiency of Cr(VI) using BB-100
under acid medium was inclined to decrease with the presence of co-
existing inorganic anions and to increase with the presence of DOM.

3.2.5. Photocatalytic activity under real sunlight

Real sunlight irradiation is a safe, cost-effective and sustainable
energy source for photocatalytic Cr(VI) reduction. In this study, pho-
toreduction of Cr(VI) over BB-100 under real sunlight in a field ex-
periment was also carried out. To test the photocatalytic performance of
BB-100 under real sunlight irradiation, photoreduction of Cr(VI) was
performed at Daxing campus of BUCEA (39°44’ N, 116°17’E) in the
spring (April 22, 2019, labeled as real sunlight-1) and autumn season
(September 26th and 29th, 2019, labeled as real sunlight-2 and real
sunlight-3, respectively) under the identical condition of 0.5 g/L pho-
tocatalyst, 10 mg/L Cr(VI) solution and pH being 2.0. The spectrum of
real sunlight and experimental devices were illustrated in Figs. S2 and
S3. As shown in Fig. 11(a), it can be observed that only 12.3% and
15.9% of Cr(VI) ions were removed by self-reduction and adsorption
after 180 min. Being compared with the white light irradiation, the
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photocatalytic efficiencies decreased to 70.1%, 63.1% and 58.1% for
the real sunlight-1, real sunlight-2 and real sunlight-3, respectively. The
reason for this phenomenon is probably ascribed to the weaker sunlight
intensity on the day of the experiment, the average intensities of real
sunlight-1, real sunlight-2 and real sunlight-3 were 21.13, 19.23 and
17.64 mW/cm?, which were much lower than the white light intensity
under the optimal experimental condition (approximately 46.07 mW/
cm?), thus limiting its photocatalytic activity. As shown in Fig. 11(b),
there was a significant positive correlation between real sunlight in-
tensity and k values ™ = 0.95), indicating that the illumination in-
tensity is the dominating factor of Cr(VI) photoreduction.

3.3. Reusability and stability of BUC-21/Biz403;Brio composites

As illustrated in Fig. 12(a), the photocatalytic reduction activities of
Cr(VI) were compared by BB-100 and Bi»;O3;,Br;o over 4 continuous
cycles. Biy4sO31Br;o showed inferior photocatalytic activity, a total re-
moval of 34.2% at 120 min even in the first cycle and only 23.8% of Cr
(VI) can be removed after 4 cycles. However, 83.1% of Cr(VI) can be

photoreduced after 4 cycling experiments, suggesting that the BB-100
had reasonable good recyclability during the adsorption-photocatalysis
experiments. Being compared to the photocatalytic efficiency of the
first cyclic experiment, a credible interpretation of the slight decrease of
Cr(VI) removal after 4-run cycling experiments was fact that a small
amount of Cr(VI) or Cr(Ill) inorganic ions might be absorbed on the
surface or in the pores of BB-100. To confirm the reduction of Cr(VI) to
Cr(III), XPS tests were carried out to explore the chemical state of Cr on
BB-100 after photocatalysis. The survey XPS spectra showed the pre-
sence of Cr signals after cyclic experiments (Fig. 12(b)). The high re-
solution of Cr 2p spectrum was depicted in Fig. 12(c). Cr 2p spectrum
can be curve-fitted with two peaks at 577.4 and 587.1 eV, respectively,
revealing that Cr(VI) was reduced to Cr(III) [99]. Furthermore, because
the potential of Bi(IIl)/Bi is 0.308 V vs NHE [100], so the Bi™ can be
easily reduced by the photo-generated electrons during the cyclic
photocatalytic process, which might also reduce the photocatalytic ef-
ficiency for Cr(VI) removal. In this study, the Bi and Zn ions leached out
to the solution after the 4 cyclic experiments were found to be
21 + 0.5mg/L and 19 * 0.6 mg/L, respectively. However, the PXRD

10
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Fig. 12. (a) Recycling tests for the Cr(VI) photoreduction over BB-100 and Bi»403;Br10, (b) XPS survey spectra of BB-100 before and after the photocatalytic reaction,
(c) Cr 2p spectrum of BB-100 after the cyclic experiments and (d) PXRD patterns of BB-100 before and after Cr(VI) reduction experiments.

patterns (Fig. 12(d)), SEM images (Figs. S4(a)-(b)) and TEM images
(Fig. S4(c)—(d)) before and after photocatalysis showed that the BB-100
basically remained its original phase composition and morphology,
indicating that metals leaching may not play significant role in the
photocatalytic efficiency.

3.4. Possible photocatalytic mechanism

Photoluminescence (PL) spectrometer is diffusely applied to study
the separation efficiency of the photo-generated carriers. Lower PL
signals suggest higher separation efficiency for the photo-generated
carriers [101,102]. As illustrated in Fig. 13(a), it can be found that the
PL intensity followed the order of BUC-21 > Bi4O3;Br;o > BB-
25 > BB-50 > BB-75 > BB-150 > BB-125 > BB-100, indicating
that BB-100 exhibited better charge carrier separation than the in-
dividual Bi»40O31Br;9, BUC-21 and the other BB-x composites. Moreover,
the photo-generated carrier separation performance was further af-
firmed by EIS and photocurrent determination. It was obvious that the
diameter of arc radius also followed the order of BUC-
21 > Biy40O3;Bryy > BB-25 > BB-50 > BB-75 > BB-150 > BB-
125 > BB-100 (Fig. 13(b)), confirming that BB-100 exhibited stronger
charge separation or interfacial charge transfer ability than the other
photocatalysts [103-105]. Additionally, the photocurrent-time curves
for the above photocatalysts were displayed in Fig. 13(c). It can be seen
that BB-100 possessed better photocurrent response than that of BUC-
21 and Biy4O31Brjo, suggesting that the formation of composites be-
tween the BUC-21 and Bi4O31Br; could suppress the photo-generated
electron-hole pair recombination. Additionally, the time-resolved pho-
toluminescence analysis was carried out to further understand the more
information of the charge carriers. As shown in Fig. 13(d), it can be seen
that the average PL lifetime (Tayerage) Of the BB-100 was 3.49 ns, which
was larger than pure BUC-21 (2.86 ns) and Bi»4031Br;o (0.41 ns). Pre-
vious studies had demonstrated that a longer PL lifetime meant lower
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recombination rate of photo-generated electron-hole pairs [106,107].
Therefore, the larger PL lifetime of BB-100 also proved its better charge
separation capacity and thus the higher photocatalytic efficiency.

The manner of photoreduction performance improvement of the BB-
100 composites can be ascertained by their band positions. As illu-
strated in Fig. 13(e) and 13(f), the slope of linear C2~ potential curves
of BUC-21 and Bi,4O31Br;o were positive, indicating that they possessed
the property of n-typed semiconductor [108]. The flat-band potentials
(Epg) of Biy031Br;y and BUC-21 were approximately —0.79 and
—1.43 eV vs the Ag/AgCl electrode, respectively. With respected to the
most of n-typed semiconductor, the Egy is more positive 0.1 eV than the
conduction band potential (Ecg) [109], therefore, the Ecp of Biz4031Brig
and lowest unoccupied molecular orbital (LUMO) of BUC-21 were
—0.69 and —1.33 eV vs NHE, respectively [30,37,60]. Combining the
E; values calculated from UV-vis DRS spectra and the theoretical
equation of Eg = Eyg — Ecp, the valence band potential (Eyg) of
Biy4031Bry and the highest occupied molecular orbital (HOMO) of
BUC-21 were accounted to be 1.96 and 2.14 eV, respectively.

Based on the obtained experimental results, the possible reaction
mechanism was illustrated in Fig. 14(a). During the photocatalytic
process, both BUC-21 and Biy4031Br; can be excited by the white light
to produce photoelectrons and holes. The photo-generated electrons
can migrate from the LUMO of BUC-21 to the CB of Biy4O3;Bry, be-
cause of the difference between the Ejymo/Ecg of BUC-21 and
Biy4031Brip at —1.33 and —0.69eV, respectively. As the redox po-
tential of Cr(VI)/Cr(III) is 1.35 eV vs NHE (pH = 0) [87,110], hence the
Cr(VI) was inclined to effectually photoreduced into Cr(III) by the ac-
cumulated electrons in the CB of Bi»403,Br;o under the acidic condi-
tions. Meanwhile, the photo-generated holes were consumed by H,O to
produce H,O, [111]. Notably, since the redox potential value of
0,/'0,~ at —0.33eV was lower than Ejymo/Ecg of BUC-21 and
Biz4031Brio [112], so the dissolved O, can react with photo-generated
electrons to produce ‘O,~ both in the LUMO/CB of BUC-21 and
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Biy4031Bry, respectively. As illustrated in Fig. 14(b), notable signals of
DMPO-'0,~ were detected on electron spin resonance (ESR) after the
white light irradiation for 5 and 10 min, suggesting ‘O, radicals were
really generated during the photocatalysis. This process might induce a
‘O, -mediated Cr(VI) photoreduction, thus enhancing the separation
efficiency of the electron-hole pairs and promoting the removal of Cr
(VD [17,86,112,113].

Radical quenching experiments were also carried out to identify the
contribution of active species involved in the BB-100 system. KBrO3; and
p-benzoquinone (BQ) were used as scavengers to quench the photo-
generated electrons and ‘O, ™, respectively [114,115]. While the "OH
and h™ can be captured by t-butanol (TBA) and EDTA-2Na, respectively
[102,115]. As shown in Fig. 14(c), the reduction efficiency of Cr(VI)
decreased markedly with the addition of KBrOs, implying that the
dominant role of e~ in photocatalytic reaction. In the presence of BQ, a
moderate decrease of the Cr(VI) photoreduction efficiency can be ob-
served, indicating that ‘O, was also responsible for Cr(VI) reduction,
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which was consistent with the ESR analysis. It was worthy to nothing
that the presence of TBA resulted in a sharp drop in the photocatalytic
reduction of Cr(VI) by BB-100. This phenomenon can be attributed to
the equilibrium shifting toward Cr(VI) as listed in the following Egs.
(5)—(7). The addition of EDTA-2Na triggered a fierce promotion of Cr
(VD) reduction, suggesting that h* capture was beneficial to the se-
paration of photo-generated electrons, thus improving the photo-
catalytic efficiency.

‘0O,” + H+ — 'HO, (5)
.HOQ + .027 + I‘I+ _>H202 + 02 (6)
H,0, + Cr(Ill) + H* — Cr(VI) + H,O + 'OH 2]

Additionally, the DFT calculation was used to further explore the
interactions between the BUC-21 and Bi»4O31Brjo. As illustrated in Fig.
S5, it can be observed that the most stable structure of Biy4O3,Br; on
BUC-21 surface after geometry relaxation. An obvious reconstruction
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both in the surface and adsorbate revealed a strong chemical interac-
tion between Biy403,Brig on BUC-21. Furthermore, this chemical in-
teraction can also be proved by the electron density difference as shown
in Fig. 14(d). The most prominent feature of the electron density dif-
ference was decline area (light blue) of electron density around the O
atoms of BUC-21 surface and the increasing area (yellow) around Bi and
O atoms of Bi4Os3;Brjo fragment. Moreover, the Hirshfeld charge
analysis [116] (Tables S6-S7) revealed that the negative charge of O
atoms in Bin4O31Bryo fragment in the adsorption process, suggesting
that photo-generated electrons transferred from BUC-21 to Bi4O31Bryo.
Therefore, the above DFT simulation results matched perfectly the ex-
perimental results.

4. Conclusions

In summary, the sheet-like Biy4O3,Br;o photocatalyst with the
monoclinic phase was facilely synthesized by hydrothermal method.
Furthermore, a series of BUC-21/Bi»403,Br1o binary coupling compo-
sites were prepared using the facile ball-milling method, in which the
BUC-21 served as the substrate for the establishment of composites. The
results indicated that the BUC-21/Biy4O31Brio composites displayed
improved photocatalytic performance for Cr(VI) removal under white
light. In addition to the enhanced visible-light absorption, the sy-
nergistic effect was also attributed to the uniform coating of
Biz4031Bryp on the surface of BUC-21 by ball-milling method, which
provided strong chemical interface between the two components to
achieve effective separation of the electron-hole pairs. The different
SOAs, initial pH values, light intensities and the co-existing matters
played significant roles in the photoreduction efficiency of Cr(VI) ions.
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Furthermore, the cyclic experiments also showed that the prepared
photocatalysts had reasonably good reusability and stability. This work
might give us a new insight for fabrication of bismuth-rich Bi,O,X,
(X = Br, Cl, I)/MOF hybrid photocatalysts with superior performance
for remediation of the Cr-contaminated wastewater.
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