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Abstract

A facile reductive method was used to prepare ¢meimetal B through reacting
Bi(NOs); with Nal. The B{ incorporated bismuth terephthalate hybrids were
prepared from two different strategies with enhangsible light photodegradation of
RhB and reduction of 4-nitrophenol. The synergistiteraction between layered
bismuth terephthalate and®Biwith SPR effects could induce the effective sefama
of photogenerated electrons and holes that leathnghe enhancement of their
oxidation performance. In the reduction of 4-nitiepol, bismuth terephthalate may
act as an excellent supporéed as a precursor which situ produces the semimetal
Bi”. The BI? incorporated bismuth terephthalate reported in thtzk can be
potentially applied in visible light photooxidatiomnd reduction of organic
compounds.
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1. Introduction

Bismuth-based materials have attracted consideedtdation due to its nontoxicity,
low cost and high earth abundance[1]. Bismuth okgba BiOX (X=ClI, Br, 1) and
their heterostructures [2-10]BiVO4[11], Bi;WQOg[12, 13] nitrogen-doped-
(BiO),CO4[14] and other bismuth based materials[15-17] wknend to exhibit
promising photocatalytic activities for the degraola of organic pollutants in waste
water.Zero valence bismuth (8)), as a semimetal with a rhombohedral structure, ha
been discovered to display appealing applicatiang has a very small band gap, a
highly anisotropic Fermi surface, and a long carnean free path[18]. It can be
applied in thermoelectricity[19]. It also was invetl in many chemical reactions such
as the allylation of aldimines [20], transformatiaf aldehydes to homoallylic
alcohols[21], the reduction of aromatiehalo ketones[22] and nitro compounds[23].
The aerobic oxidation of benzyl alcohol &1-Bi/CNT has been reported[24]. In
addition, BI® was reported as a photocatalystich can enhance the photocatalytic
oxidation of NO in air[23, 25]. Bismuth also cart as an alternative electron trap in
Bi/BiOCI[26-28]. Bi-coupled BjiO3[29], BI/BiOI[30], BIi/(BiO),COs[31] and
Bi/BiPO4[32]catalytic systems to degrade organic pollutarid remove Cr(VI) in
wastewater[33, 34]. Their higher photocatalyticiaiiés are ascribed to effective
separation of photogenerated electron-hole paii¥) Bas also shown surface
plasmon resonance (SPR) effects for enhancing Ighmvesting[35, 36]. Several
methods have been used to prepare semimetal bismotiuding thermal
decomposition[37], and electrochemical methods[3mple chemical reduction
using a bismuth precursor and different reducingnégy such as NaBf39-41],
hydrazine[42], ethylene glycol [43] and zinc powl] have also been developed. To
date, all these reported synthetic methods aréeckla high temperature, unavailable
precursors including organic bismuth saltspecial apparatus or complicated

post-processing. Additionally, the capping agengsewusually used to enhance its
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stability of elemental bismuth[45]. Therefore, atoeomically available and facile

strategy to prepare stable semimetal bismuth baserials is still urgently needed.

In our early studies [46, 47] a layered bismutlepéathalate was found to act as an
excellent candidate for preparation of functionatenials. But bismuth terephthalate
itself has weak photocatalytic activities[7]. Irder to further explore the potential of
layered bismuth terephthalate as promising catalpiaterials and enhance the
stability of elemental bismuth, Biparticleswith SPR effects were expected to load
into bismuth terephthlate. Herein, we report a $ngolvothermal method to prepare
semimetal BP through reacting Bi(N€); with Nal in N,N-dimethylformamide (DMF)
solution. BI? incorporated bismuth terephthalate were prepdnexigh two different
strategies. The incorporated amounts ¢ Bito bismuth terephthalate were tuned by
reducing the same amounts of Bi(jy9with different amounts of Nal. A one-pot
synthesis was performed through situ reduction of Bi(NQ); with controlled
amounts of Nal (molar ratios of Nal/Bi(N§2 at 0.5, 0.75 and 1) in the presence of
terephthalic acid to give the hybrids BiBDC-I(n) £10.5, 0.75 and 1)A two-step
solvothermal method was used by controlling theesamlar ratios of Nal/Bi(Ng)s
based on the firstly prepared bismuth terephthal@teir catalytic activities were
evaluated on rhodamine B (RhB) photodegradationeumsible light and/or UV
light irradiation from 350W xenon lamp and reduntiaf 4-nitrophenol under visible
light irradiation from the same xenon lamp or withd@ at room temperature. Active
species involved into RhB photodegradation procesker visible light irradiation has

been investigated.

2. Experimental section

2.1 Preparation of catalysts

2.1.1 Preparation of bismuth terephthalate (BiBDC)

The preparation of bismuth terephthalate (BiBDC)swgiven in our earlier

report[46]. In brief, Bi(NQ)3-5HO and terephthalic acid (BDC) were dissolved
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into 35 mL of DMF. The resulting mixture was hea&td120C in a Teflon-lined
stainless steel autoclave for 24 h. The resultiregipitates were collected, washed
with ethanol, water and dried to give 0.38 g of greduct which was denoted as
BiBDC.
2.1.2 General procedures for the one-pot syntld€8&® incorporated BiBDC

This involved dissolving terephthalic acid (0.3322gmmol) into 15 mL of DMF
with stirring. A solution of Bi(NQ)s-5H,O (0.645 g, 1.33 mmol) in 20 mL of DMF
was prepared by ultrasonic dissolution. Differembants of Nal with the molar ratios
(0.5, 0.75 and 1) of Nal/Bi(N£); were added into the above solution of terephthalic
acid with stirring. Then the solution of Bi(NJ@ was added slowly into the above
mixture with stirring. The final mixture was traesfed into a 100 mL Teflon-lined
stainless steel autoclave. The subsequent procedig¢he same as that used for the
preparation of BiBDC. These hybrids were denote&i8OC-1(0.5), BiBDC-1(0.75)
and BiBDC-I(1), respectively.
2.1.3 A two-step method for the preparation df'Bicorporated BiBDC

Bismuth terephthalate (BiBDC, 0.38 g) was prepdietly, then was dispersed by
sonication into 20 mL of DMF with Bi(N¢)s-5H0 (0.645 g, 1.33 mmol) and
different amounts of Nal with the molar ratios aIMBi(NOs)3 at 0.5, 0.75 and 1. The
resulting suspension was treated sequentially aswe dor the BiBDC, and the
complexes formed were denoted as BiBDC-1"(0.5), BBC-1"(0.75) and
BiBDC-1"(1), respectively.
2.1.4 Preparation of semimetal bismuthPpi

Semimetal B was prepared according to the one-pot synthesisedure of Bf’
incorporated BiBDC (Experimental section 2.1.2)ngsiBi(NOs); (0.645 g, 1.33
mmol) and Nal with the molar ratio of Nal/Bi(N§2at 0.75 without terephthalic acid.
Bi® was obtained as black powders.
2.2 Catalyst characterization

Powder X-ray diffraction (XRD) patterns were obtdnon a Bruker D8 Advance
using Cu ki radiation. Fourier transform infrared spectra we@orded on a Thermo
Scientific Nicolet NEXUS 4700 spectrometer. X-rapopoelectron spectroscopy

4
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(XPS) measurements were performed on a VG MultiZdD0 photoelectron
spectrometer using Al &radiation as the excitation source under vacuugxag®
Pa. All the binding energy values were calibrateohg the C 1s peak at 284.6 eV of
the surface adventitious carbon. The morphologieghe samples were investigated
by an SU8000 field emission scanning electron mnswope (SEM). Transmission
electron microscopy (TEM) and high resolution traission electron microscopy
(HRTEM) images were obtained on a Tecnai G20 meope operated at an
accelerating voltage of 200 kV. UV-Vis diffuse ezftance spectra (DRS) were
measured on a UH4150 spectrophotometer. Photolscgnee measurements were
carried out at room temperature on a Hitachi F-700@nsient photocurrent tests
were carried out on CHI760E electrochemical statath a standard three electrode
system. The visible light was from a 3W LED lamid. NMR spectra were recorded
on a Varian NMR 400 MHz instrument and the chemslaifts are in ppm and
tetramethylsilane as internal standard.
2.3Photodegradation of RhB

The photocatalytic degradation of RhB (20 mg/Lagqueous solution (50 mL) was
performed under visible light and/or UV light iriation over as-prepared samples.
The reaction temperature was maintained at roompeeature by using a
double-walled reactor with the circulating wat€he visible light was provided by a
350 W xenon lamp with a 420 nm cutoff filter and Ught was from the same light
source using a 365 nm cutoff filter. In each expent, 50 mg of catalyst was
dispersed in RhB solution under sonicated condittwrlO min. The suspension was
magnetically stirred in the dark for 2 h for estsisnent of adsorption equilibrium.
Then the suspension was irradiated with visiblatligr UV light. During the given
irradiation time, 3 mL aliquots were collected, ténged, and filtered through a
Millipore filter (pore size 0.4um) to remove the residual catalyst. The charadteris
absorption of RhB at 553 nm was used to monitopti@odegradation process.
2.4 Active species trapping experiments over BiBDC-1"Q.75)

Isopropyl alcohol (IPA), benzoquinone (BQ) and &hgdiaminetetraacetic acid
disodium salt (EDTA) with final concentrations ofrimol/L were added into 50 mL

5
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RhB solution with the concentration of 20 mg/L ative species scavengers[48]. The
procedure of photodegradation over BiBDC-1"(0.7&ps similar to that of RhB
degradation under visible light irradiation.
2.5 Catalytic reduction of 4-nitrophenol

20 mg of the as-prepared catalyst was used tots&B0 mL of reduction system
including 1x10* mol/L of 4-nitrophenol and 1xImol/L of NaBH, with visible light
irradiation from a 350W xenon lamp or without itrabm temperature. The process
was the same as that used for RhB photodegradaiiter. NaBH, was added into
reaction system for 5 min, the catalyst was sedglbntadded. at specific time
interval, 3ml suspensions were taken and filtehedugh 0.45.m Millipore filter and
the filtrate was analysized intermediately by monmitg the variation of intensity of
peak at 400 nm wusing UV-Vis spectroscopy[45]. Theduction product
4-aminophenol was obtained from the filtrate trdatgth HCI and extracted by ethyl
acetate then separated through column chromatograph
3. Results and discussion

3.1 Composition analysis

All hybrids and Bf” were prepared by a solvothermal method in DMF.0BIBvas
used for a comparison. All the XRD diffraction peatf the prepared 81 can be
readily indexed to a rhombohedral phase &P Bipace group: R8(166), JCPDS No.
44-1246] and no other diffraction peaks of the iniguare observed (a in Fig. 1B). It
is highly crystalline and can be indexed by thereésentative peaks of (012), (104),
(110), (202), (024), (122) planes[49]. The resulggests that semimetal Bj not
bismuth oxide, was obtained in the presence of Bijiland Nal When the solution
of Bi(NO3); was added slowly into Nal solutiah room temperature, an orange-red
color occurred. However, neither a color chang@atassium iodide-starch test paper
nor a black precipitate was observed. This sugdettat semimetal & particles
were obtained through reduction of the Bi(§using Nal at a temperature of I20
not at room temperature. This is ascribed to thenger reductive ability of .| The

reduction proceeds to the formation of semimet&? Biccording to the following
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stoichiometry.
2Bi** + 61 —= 2Bi® + 31, (@

Powder XRD patterns of all the BiBDC-I(n) can beersan Fig. 1A. They all
exhibit characteristic diffraction peaks of i For those hybrids BiBDC-I"(n) (n=
0.5, 0.75 and 1) prepared from the two-step metivbe@n Nal with the molar ratio of
Nal/ Bi(NOs); at 0.5 was added, BiBDC-1"(0.5) was formed. Bist XRD patterns (b
in Fig. 1B) are similar to that of our prepared BB (a in Fig. 1A), i.e. no semimetal
Bi®was detected. When the amounts of Nal increasechioh the molar ratios of
Nal/ Bi(NOs); varied from 0.75 to 1, semimetal®ivas formed. So semimetal Bi
were formed from a two-step method by controllihg amounts of Nal with the
molar ratios of Nal/ Bi(N@sat 0.75 and 1. Overall, 8 particles were found in five
hybrids including BiBDC-I(n) (n= 0.5, 0.75,1), BiBDI"(0.75) and BiBDC-1"(1).

IR spectra of representative hybrids including seetal B, terephthalic acid and
BiBDC can be seen in Fig. 2. It is noted that thtkalic acid has characteristic
absorption peaks at 1683.2, 1423.1 and 12864 (¢fiy. 2a)[50]. The disappearance
of the peak at 1683.2 , 1286.4 tand the concomitant appearance of new peaks
located at about 1532.0 and 1382.07cior those five hybrids indicate that the
—COOH groups of terephthalic acid were completelyrdinated with the Bf ions in
which bismuth terephthalate was formed[7]. Comlgnivith the conclusion from the
XRD patterns in which BY particles exisin the above hybrids, we can safely
conclude that BY incorporated bismuth terephthalate hybrids wetaiobd. But for
BiBDC-1(0.75) from the one-pot synthesis, absamptpeaks at 1562.6 ¢Mm (vas
C=0) and 1384.7 cih(vsC=0) were found. For BiBDC-I"(0.75) which was foetd
from the two-step method, its IR spectrum (Fig. Blojcates strong absorption peaks
locate at 1533.1 cth and 1384.0 cih The BiBDC-I"(1) has characteristic peaks at
1528.9 cnit and 1383.7 cih These characteristic absorption peaks of C=Ctlase
to those of BiBDC. However, the frequency of asyrrinestretchingvibration of
C=0 (1562.6 ci) for BiBDC-1(0.75) is larger than that for BiBDC(D.75) (1533.1

cm?). The increase in absorption wavenumber for theargyl stretching vibration
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within BiBDC-1(0.75) was attributed that stretchif@yce constant of carbonyl bond
increased. It seems that the interactions betwé8had O atom within BiBDC are
weaker for BiBDC-1(0.75) which leads to decreasetapty of C=0 bond. It could be
ascribed to the less amounts of Bi(jfowas used to react with the same amounts of
Nal for the preparation of BiBDC-I(0.75). For thaespot synthesis, Bi(N§x plays
two different roles in being reduced by Nal andrdamating with terephthlic acid as a
nucleating agent. While for the two-step meththe same amounts of Bi(NJ@ was
only reduced by the same amounts of Nal (Nal cadtice the BiBDC at the same
conditions). Theoretically, less amounts ofBivas incorporated into BiBDC-1(0.75).
In fact, there is no easy way of quantifying thadimg amounts of B owing to the
presence of Bf.

The surface chemical compositions and electronatest of BiBDC-1(0.75),
BiBDC-1"(0.75) and BiBDC hybrids were further ingggated by XPS patterns (Fig.
2). The high-resolution Bi 4f spectra show two indual and the same peaks at 159.3
eV, 164.5 eV for BiBDC and BiBDC-1(0.75) (Fig. 2d)he corresponding peaks could
be attributed to Bi 4f, and Bi 4§/, respectively [51-53]. The data show oxidation
states for Bi is +3. While the Bi 4f spectra of BiB-I"(0.75) show two individual
peaks at 159.4 eV, 164.7 eV (Fig. 2d). Binding giesrof B within BiBDC-1"(0.75)
from the two-step method slightly increase withpexg to those of BiBDC-1(0.75).
This can be attributed to stronger synergistieractions between incorporated®Bi
and O atom within BiBDC for BiBDC-I"(0.75). Thisesult is consistent with the
conclusion from IR data. However, The characteripgaks of zero valence Biat
156.8 and 162.1 eV were not observed in the XP@noat of BiIBDC-17(0.75) as well
as those of BIiBDC-I(0.75)[54]. The information frothe XRD patterns of
BiBDC-1(0.75) and BiBDC-1"(0.75) shows that B} exists in the hybrids. So it is
estimated that most of the Bientered into the internal surface of the metakoig
framework BiBDC which can not be detected owinghe limitation of XPS surface
technology[55]. This also can be confirmed from SBRd TEM images of those
hybrids as shown in Fig. 3. Semimetal’Bias a granular morphology and BiBDC
has a rod like morphology (Fig. S1 in Supportingotmation), BI? incorporated

8
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BiBDC hybrids have a similar morphology to that BBDC(Fig. 3a-3e). Other
information from the TEM images of BiBDC-I"(0.7%lemonstrates more details
about the interior structure of this hybrid. As dsnseen from Fig. 3f-3g, the prepared
sample is highly sensitive to electron beam irrdoiaduring the TEM examination
due to the relatively low melting point of Bi(273.1C), which makes it much more
difficult to get clear HRTEM images[44]. The fasbutier transform (FFT) pattern
(Fig. 3h) of high magnification TEM image of Figg 3hows lattice fringes with a
lattice spacing of about 0.32 nm, which is closthinterplanar spacing of the (012)
lattice planes of the rhombohedral bismuth®®)Bi Semimetal B really exists in
BiBDC-1"(0.75). So BiBDC-1(0.5), BiBDC-I(0.75), BBDC-I(1), BiBDC-I"(0.75)
and BiBDC-1"(1) are regarded as Bi incorporated BiBDC hybrids.
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Fig. 1 XRD patterns of as-prepared samples (A)B(BPC; (b) BiBDC-I(0.5);
(c)BiBDC-1(0.75); (d)BiBDC-I(1) and (B): (a) preped Bi?; (b) BiBDC-I"(0.5);

(c)BiBDC-I"(0.75); (d)BiBDC-I"(1).
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Fig.2 IR spectra of representative samples. BIiB[@C?b) and terephthalic acid(a);
BiBDC-1"(0.75), BiBDC-I"(1), prepared B and BiBDC (b); XPS patterns of BiBDC-I(0.75),

BiBDC-1"(0.75) and BiBDC(c), (d).

Fig. 3 SEM images of B! incorporated BiBDC hybrids. BiBDC-I(0.5) (a); BiBDI(0.75)

(b); BIBDC-I(1) (c): BIBDC-I"(0.75) (d); BiBDC-I"(1) (e); TEM image of BiBDC-I"(0.75) (f);
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TEM image of the region indicated by the box ig¥, (The selected area FFT pattern of Fig.3g(h).
3.2 Optical absorption and charge separation

UV-Vis diffuse reflectance spectra (DRS) were udedinvestigate the light
absorption properties of the as-prepared sampl&s:Vis DRS of BiBDC, BI?,
BiBDC-I(n) (n=0.75), and BIiBDC-1"(0.75) are showm Fig. 4. The results from
DRS demonstrate that BIBDC has absorption edgabait 350 nm in the UV light
region (Fig. 4a). When the semimetal bismuth pladicwere incorporated into
bismuth terephthalate, BiBDC-I(n) and BiBDC-I1"({n=0.75,1) hybrids exhibit a
promising extended absorption edge in the visilddtl region. Compared with
BiBDC-1(0.75), BiBDC-I"(0.75) shows a conspicuoystnhanced optical absorption
edge which ranges from the UV (350 nm) to the \esilght region (650 nm) (Fig.
4a). This could be ascribed to a surface plasmsonance (SPR) effect of Biwhich
leading to more visible light harvesting[36]. Tleshanced light absorption is crucial

for photoexciting more electrons and holes to imprathe photodegradation

efficiency.
(a) (b) (©) .00
L0 A =245 nm o~ .
01 =BiBDC —BIiBDC g T
_~ — BiBDC-I(0.75) —BiBDC-1(0.75) | 2 1
2084 —BiBDC1'0.75) |3 <0
(0 H =
EO 6 prepared Bl( ) \;: BiBDC-l"(OJS) E
§ é — prepared Bi(0) :_i:-0.0S-
o4 2 s |} —siBDC1"(0.75)
(=] = [=]
@ L = —Bi(®)
= (=]
<0.2 o =0.12; — BiBDC
A~ DnOff
300 450 600 750 300 350 400 450 500 200 400 600 800 1000
Wavelength (nm) Wavelength(nm) Time (second)

Fig. 4 UV-Vis diffuse reflectance spectra of remmmtive hybrids BiBDC-1(0.75),
BiBDC-I"(0.75) and BiBDC, B[ (a) their photoluminescene emission spectra (bl)teansient
photocurrent of representative hybrids (c).

Photoluminescence (PL) spectra were further useshwestigate the separation
efficiency of photoexcited electron—hole pairs the semiconductor. PL spectra of

the representative hybrids BiBDC-1(0.75), BiBDCW@'75), and BiBDC, Bf”
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excited at 245 nm were recorded (Fig. 4b). HybnBIBC-1"(0.75) shows the lowest
PL intensity among all the tested hybrids excemt Bi®. This implies that the
recombination of photoelectrons and holes couléffectively prohibited. In order to
further confirm the separation of photocarriersgngsient photocurrent test was
performed under visible light irradiation from a 3MED lamp (Fig. 4c). The results
show that BiBDC-17(0.75) has better separatioreeffthan BiBDC. This is attributed
to the promotion effect of incorporated(%iwhich has a similar Mott—Schottky
effect[56]. BI® was incorporated to build a Schottky barrier atititerface which is
beneficial for charge transfer during the sepamabb photogenerated electrons and
holes.
3.3Visible light degradation of RhB

Photodegradation activities of as-prepared sampk® evaluated under visible
light irradiation using 20 mg/L of RhB in aqueousugion. The variation of RhB
concentration (C/g} versus irradiation time t (min) over differentgales during the
degradation process are shown in Fig. 5, whered3Caare the concentration values
of RhB at a given time t and 0 min. A blank contaslsay (without catalysts) was
performed for comparison. The direct RhB degradats negligible under visible
light irradiation.When BiBDC was used to degrade 20 mg/L of RhBréselt shows
that BIBDC itself has only a weak degradation activity undasible light
irradiation[46]. In order to quantitatively evaleathe degradation activities of Bi
incorporated BiBDC and prepared@®ithe corresponding reaction rate constants
are determined using a pseudo first-order kineticleh The results are summarized
in Table 1. Compared to BiBDC and ‘®i the BiBDC-1(0.75) shows significantly
higher RhB photodegradation activities. Thus, temisetal B was incorporated
into BIBDC which can effectively accelerate RhB ditption and enhance the
photocatalytic performance of Bi In order to further improve the catalytic actiest
of hybrids, a two-step method was used to prep@®8-1"(0.75) and BiBDC-I""(1).
Their RhB Degradation results under visible ligihadiation are also shown in Fig. 5
and Table 1. Surprisingly, BiBDC-1"(0.75) and BIiEDI”(1) both have better
degradation activity than that of BiBDC-I(0.75). Wfhthe content of incorporated

12
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Bi into BiBDC increased, the photocatalytic procesas vittle hampered. The
degradation activity of RhB over BiBDC-1"(1) is\eer than that of BiBDC-I"(0.75).
This could be ascribed to substantiaf®Btovering the interface of BiBDC that
prevented the incident photons from impinging oa Hurface of catalyst, thereby
decreasing its photocatalytic performance[57]. Tais be confirmed from the results
of the lower degradation activity of BiBDC-1(1) cared with that of BiBDC-1(0.75)
(Table 1). The reaction rate constants for BiBD(®I75) and BiBDC-1"(1) are
larger relative to those of BiBDC-I(n) (n=0.5, 0.@6d 1) and BY. Reaction rate
constant for BiBDC-I1"(0.75) is 6 times than that Bi® and 4 times than that of
BiBDC. A two-step method occurs prior to the one-gymnthesis for the preparation
of Bi¥? incorporated BiBDC. The higher RhB degradatiorivitgtof BiBDC-1"(0.75)
was attributed to a synergistic interaction betweiff and the metal-organic

framework BiBDC.

Visible light
1.0+ e T
0.8+
- 0.6« ===RhB
@) d =—e—BiBDC

—v—BiBDC-I(0.75)
1 —+=BiBDC-I(1)
0.2q ——prepared Bi"”
] ——BiBDC-1"(0.75)
== BiBDC-1''(1)
v v ] v v v v v v v
0 10 20 30 40 50
Time (min)

Fig. 5 Degradation of RhB under visible light ir@tbn over B® incorporated bismuth

terephthalate.
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Table 1 Degradation rate constants of RhB ovef Bind Bi® incorporated bismuth

terephthalate
Catalysts Rate constakt
(min™)
Bi© 0.008
BiBDC 0.011
BiBDC-1(0.5) 0.011
BiBDC-(0.75) 0.019
BiBDC-I(1) 0.014
BiBDC-I"(0.75) 0.048
BiBDC-1"(1) 0.033

3.4Plausible process for RhB degradation

To further understand the visible light photodegtamh process of RhB over the
BiBDC-1"(0.75), active species trapping experimgmnwere performed. Isopropanol
(IPA), benzoquinone (BQ) and ethylenediaminetegtia@cid disodium salt (EDTA)
were used to trap the active hydroxyl radic®H), superoxide radical @,) and
active holes () involved in the photocatalytic process, respetib8]. Fig. 6a
shows the photodegradation of RhB over BiBDC-17®). in the absence or presence
of scavengers under visible light irradiation. TR&GB degradation is markedly
suppressed by BQ and EDTA, suggesting tBatandh” are primarily responsible for
RhB degradation. RhB degradation was little inleiby IPA which suggestingH
was only involved in the catalytic process to alsihe@gree. The crucial specie®,
are produced by reacting, @ith the separated electrons. It implies that pbetited
electrons and holes play important roles for RhBrdéation. Those results from PL
and transient photocurrent tests further also conthis hybrid has the excellent
separation efficiency of the photogenerated elestrand holes. Thus, the
incorporation of the semimetal Biinto bismuth terephthalate will lead to the

formation of a Schottky barrier at the BiBDCBinterface, which is beneficial for
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the charge transferring during the separationedtedbn-hole pairs.

A possible degradation process of the dye undeblgidight irradiation can
proceed through three possible pathway, i.e. a photolysiocgss, a dye
photosensitization process, or a photocatalyticgss[59]. As for RhB, its photolysis
process is negligible under visible light irradoatias illustrated in Fig.5[46]. To
determine whether a dye photosensitization or gladébytic process plays a role in
RhB degradation over BiBDC-1"(0.75), the same detation procedure was carried
out under UV light irradiation. The results are whan Fig. 6b. Comparing with the
results from the visible light irradiation, RhB wdsgraded completely in 60 minutes
under visible light irradiation, while only 75% &hB was degraded under UV light
irradiation with the same irradiation time. Degriagaoia efficiency is higher under
visible light irradiation than that under UV ligintadiation. This is consistent with the
results from DRS of this catalyst which has an mdésl absorption edge into the
visible light region (Fig. 4a). RhB degradation p\&iBDC-1"(0.75) under visible
light irradiation is a photocatalytic and photosemnation process[60]. Overall,
semimetal BY with SPR effects was incorporated layered bismuth téhepdte
which can effectively enhance the photooxidatioficieincy of RhB under visible

light irradiation.

—n==Visible light

0.84 0.84 A%\ —e—UV light
- c -
°0.6- Q 0.6
U < Q <
< 0.4+ 0.4+
U < <

——p— B

0.2 0.2=

0.0 === No scaven. 0.0- el LT

0 20 40 60 80 0 20 40 60 80
Time(min) Time (min)
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Fig. 6 Photodegradation of RhB over BiBDC-1"(0.7%) the absence or presence of
scavengers (BQ, EDTA and IPA) under visible ligitadiation (a) and RhB degradation over

BiBDC-I"(0.75) under visible light and UV light iadiation (b).

3.5 Reduction of 4-nitrophenol

It was reported that the 4-NP could not be redwsmdly by NaBH , but in the
presence of certain catalyst the reduction reaact@noccur [61]. In order to test the
catalytic activity of the catalysts in this work ¢ime reduction of 4-NP, a series of
reactions were performed. These experiments wergedaout in the following
conditions: 1) excessive NaBi®2) using Bi® or Bi®) incorporated BiBDC and 3)
visible light irradiation from 350 W xenon lamp without it. In these reactions, the
4-nitrophenol in aqueous solution (with the weak &bsorption peak at 317 niwas
converted by NaBKl to the deep yellow 4-nitrophenolate (with mainostg
absorption peak at 400 nm), which will be eventuaktduced to the final the
4-aminophenolate (with absorption peak at 231 ng})[6Vhen the as-prepared
catalysts were added to the 4-nitrophenolate swluta fading process of the
deep-yellow color of 4-nitrophenolate solution wadso observed. Similar
characteristic phenomena appeared when the puse B{4 was added (Fig. S2 and
S3 in Supporting Information)Thus, the reduction process was monitored through
the gradually disappearance of this absorbance (@&&knm). In order to confirm the
final product of this reaction, the reduction prodd-aminophenol was obtained by a
sequential acidification process and was charae@rbyH NMR (Fig. S4). Its
melting point andH NMR data were consistent with a standard sample.

The influence of visible light on the reduction 4fNP over B incorporated
bismuth terephthalate hybrids was also investigékeg. S5 and S6 in Supporting
Information). Depicted in the Fig. 7 are plots dCgversus time (t) for the reduction
of 4-NP in the presence of different catalysts, mhi@and G mean the concentration
of 4-nitrophenolate at t and 5 min after addingNeBH,. Since a hundred-fold molar
excess of NaBldwith respect to the concentration of 4-nitrophatekas used, the

reaction could be considered to follow pseudo-finster kinetics. The reaction rate
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constank can be derived from the dataset in Fig. 7 by ufiegollowing equation.
kt = —In(C/Co.) (2)

The obtained rate constamktare collected in Table 2. At a glance of Fig.&ah
be seen that the reductive capability of alf”Bncorporated BiBDC hybrids were
more potent than that of 8i Obviously, the BIBDC composite within these hylsri
was responsible for enhanced reduction actividesscan be seen from Table 2, the
corresponding rate constaritgre ~1.1-2.0 times that of pure®iThe relative low
efficiency of pure BY may be due to its instability under reduction tiescsystem.
In addition, when white color bismuth terephthal@&BDC) was used, some black
powder was observed, which was confirmed to be metal BI®. Obviously, the
black B® wasin situ generated by the reaction of BiBDC with NaBHind the
freshly formed B’ would sequentially reduce the 4-NP with higheiceghcy. We
speculated that BiBDC could be a good supporténtlaa beneficial to the generation
of Bi” and the enhancement of reductive capability. Aoldétlly, it can also be seen
from Table 2 that under visible light irradiatiohet catalytic ability of the hybrids
from one-pot synthesis such B&8DC-I(0.5), BiBDC-I(0.75), BiBDC-I(1) successively
decreases with the increasing of the incorporatéd &nount. Similar trends were
also observed for those hybrids from two-step meththe present experimental
results suggests that visible light irradiationnst beneficial for the enhancing the

reduction efficiency of 4-nitrophenol over catalysthis work.
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—o— BiBDC-I''(0.75 o= BiBDC-I1''(0.75)
0.8 et BiBDC-I''(1) 0.8 et BiBDC-I""(1)
—— BiBDC-1(0.5) —— BiBDC-1(0.5)
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N BiBDC-I(1) | . BiBDC-I(1)
S BiBDC S i
904 QO s BiBDC
S S
0.2- 0.24
0.0- 0.0
T T T T T T d ! N !
0 . 10 20. 30 0 10 20 30
. Time (min) Time (min)
2 Fig. 7 Reduction of 4-NP over ®i and Bi” incorporated BiBDC with visible light

3 irradiation or without light irradiation from xendamp (C, concentration of 4-nitrophenolate at t

4  min; Gy, concentration of 4-nitrophenolate after addingNaBH, for 5 min ).

5 Table 2. The rate constants of reduction of 4-NEh wisible light irradiation or without light

6 irradiation from 350 W xenon lamp

samples Rate constantk (min?) | Rate constantk (min™) under
without visible light visible light irradiation

BiBDC-I(0.5) 0.139 0.150
BiBDC-1(0.75) 0.129 0.115
BiBDC-I(1) 0.166 0.101
BiBDC-I"(0.75) 0.133 0.151
BiBDC-I"(1) 0.145 0.107
Bi© 0.081 0.089
BiBDC 0.144 0.153

7

8

18




10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

4. Conclusion

In this study, we have introduced a new facile otisde method to prepare
semimetal BP in DMF solution by reacting of Bi(N§s with Nal at 120C.
Semimetal B incorporated bismuth terephthalate hybrids weepared from two
different methods. A one-pot synthesis was carigicby varying the amounts of Nal
with the molar ratios of Nal/Bi(Ng); at 0.5, 0.75 and 1. A two-step method was used
by reacting Bi(NQ)s with controlled amounts of Nal with the molar oati of
Nal/Bi(NOs3); at 0.75 and 1 in the presence of firstly prep@é®DC. The hybrid
BiBDC-1"(0.75) from a two-step method exhibits estlent photodegradation
performance towards RhB. Its reaction rate conssa@ittimes larger than that of i
and 5 times larger than that of BiBDC. The highisible light degradation activity
was attributed to synergistic interaction betweeif” Bvith a surface plasmon
resonance and BiBDC which induced more light hamgsand effective separation
of electron-hole pairs. The results from active cgge trapping experiments show
that- O, andh” are the most important active species.

These B incorporated bismuth terephthalate hybrids aldthikbetter reduction
capability of 4-nitrophenol than 81 Visible light and incorporated amount of i
significantly affect the catalytic efficiency ofMP reduction.

Put all thing together, BiBDC not only acts as aneflent supporter but also as a
precursor tan situ produce the semimetal Biwhich will sequentially reduce the
4-NP. Thus, BP incorporated bismuth terephthalate hybrids werendoto be
promising visible light catalysts for the removélooganic pollutants and reduction of
4-NP. They can be potentially applied in visiblghli photooxidation and reduction of

organic compounds.
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Highlights

Bi® incorporated bismuth terephthal ate were prepared.

The prepared hybrid exhibits higher visible light photodegradation activity.

This hybrid also shows better reduction capability of 4-nitrophenol with visible
light.

Visible light inhibited the reduction process of 4-nitrophenol and enhance
photooxidation of RhB.



