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ABSTRACT

To harvest solar energy efficiently, a series of Zn/Bi layered double hydroxide (LDH)
photocatalyst with different molar ratios of Zn/Bi ( 2:1,3:1,4:1) has been synthesized by
coprecipitation method at constant pH. All the Bi doped LDH samples displayed
hydrotalcite-like structure with interlayer carbonate, in which crystallinity decreases as the
bismuth content increases. The Zn/Bi (4:1) LDH with small amount of bismuth in the brucite
layer and possessing high crystallinity was further modified hydrothermally by intercalating
decavanadate which showed high photochemical stability and photocatalytic activity for the
degradation of different organic pollutants for practical applications under solar light
irradiation. The structural integrity of the materials has been successfully characterized by
studying their structural, morphological, electronic and optical properties by various physico-
chemical techniques. The present study introduced an insight of oxo-bridged MMCT of the
LDH established the Zn (II) - O - Bi (III) units resulted in the generation of superoxide
radicals which is clearly observed by the EPR technique. The ‘OH radicals formed during
photocatalysis was revealed by means of terephthalic acid fluorescence probe method. The
photo electrochemical measurement confirmed the intercalated vanadate anion was crucial to
obtain an optimal synergistic effect for the degradation of organic pollutants. The prolonged
photogenerated charge lifetime and improved charge transfer capability were confirmed by
time-resolved fluorescence emission spectra. Furthermore, a detailed mechanism for the

enhanced photocatalytic activity was discussed.

Keywords: Layered double hydroxide, decavanadate, Interlayer space, Fluorescence probe

method, EPR technique.
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INTRODUCTION

In recent days, the use of layered double hydroxide (LDH) as active photo-catalysts
has been receiving considerable attention over the layered metal oxides. LDHs, important
anionic clays are generally expressed by the formula [M2+1_XM3+X(OH)2]X+ (A" .mH,0,
where M*" and M*" are the metal cations and A™ is the interlayer anion. "2 The host
structures of LDH are based on brucite-like (Mg (OH) ;) layers of edge-sharing MOg
octahedron surrounded by oxo bridges and hydroxyl groups. The positive charge on the
layers is compensated by NO3,SO4*, CI" and COs> ions present in the interlayer. Owing
to the specific structure, tunable composition and nanoscale size, LDH powdered materials
have been widely used as catalysts or catalyst precursors, anion exchangers, photo-active
materials and bioactive nanocomposites.” Garcia et al. reported doped semiconductors
based Zn-containing LDHs for photocatalytic water splitting.’ Taking into account the high
photocatalytic efficiency and quantum yield of the Zn*/M*>" LDH compounds for visible
light-induced O, generation, our group studied a family of visible-light-responsive Zn* M
LDH (M=Cr,Fe,Y) materials that exhibits remarkable photocatalytic activity for the
decomposition of pollutants in water. "~ Furthermore, Wei’s group reported a family of
visible-light-responsive dispersed MOg materials for the decomposition of organic
pollutants in water. '°!! Lately, several ternary LDHs were successfully synthesized by our
groups as potential materials towards the photocatalysis. 12141 ikewise, titanium-embedded
layered double hydroxides, a highly efficient photocatalyst was also reported by Kang et
al."® Moreover ,the poly-oxometallates intercalated LDHs are of significantly importance
because it could influence the optical, electronic and magnetic properties. For example,
three-dimensional ordered macro porous LDHs intercalated by decatungstate anions exhibit

a higher photocatalytic activity than the standard plate-like counterparts. '°Now-a-days Bi-
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based layered semiconductors have attracted much attention for photocatalysis like BiVO4,
7-PBiW0O, 2**? BiFeO;” etc.

On the basis of the above studies, we are inspired and motivated to synthesize well-
defined visible light active bismuth doped LDHs, intend for environmental application. In
an attempt to lower the band-gap energy and minimize the recombination of photo induced
charge carriers with promising results in terms of degradation time and degree of
mineralization, our approach allows to synthesize decavanadate intercalated bismuth doped
LDHs. It is worthy to note that the modified bismuth doped LDH exhibited higher photo
catalytic activity than that of all the as prepared LDHs. To our best knowledge, as of now,
this LDH as a photocatalytic material has not been reported. The possible mechanism of the
photocatalytic activities of the as prepared LDHs were systematically studied on the basis of
the crystal structure, electronic structure, morphology, electrochemical and fluorescene
properties.

EXPERIMENTAL SECTION

Material preparation
All the reagents are of analytical grade and used directly without further purification. Zn/Bi
LDH was synthesized by the co-precipitation method following a procedure similar to that
reported in the literature.” A solution of 200 mL containing Zn (NOs),-6H,0, and Bi
(NO3);-7H,0O with a desired Zn/Bi molar ratios of 2:1,3:1,4:1 (solution 1) and 0.1 M
NaOH (solution 2) were added slowly under vigorous stirring at room temperature until the
pH reached at 9.0. LDHs prepared with molar ratios 4:1, 3:1and 2:1 are named ZB4, ZB3,
ZB2 respectively. The suspension of ZB4 was then transferred into the Teflon coated
stainless steel autoclave for hydrothermal treatment at 120 °C temperature for 10 h. After
the hydrothermal treatment, the suspension was filtered and washed thoroughly with hot

distilled water. The washed precipitate was dried in an oven at 80°C for 12 h, named as
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ZBuy4 LDH. For vanadate intercalation, 0.05 M of NaVOj3 in 150 mL distilled water was
added drop wise to the ZByy4 LDH suspension (contains 4 g of solid). Before addition of
the vanadate solution, the pH of the slurry suspension was adjusted to 4.5 with HCI (by
an ELICO L1 612 pH meter),which was maintained all along the addition and stirring
periods. The obtained solid was centrifuged and washed until no free vanadate remained,
thus leading to a sample named ZBVy,4 LDH. #

Structural and morphological characterization

All the prepared samples were identified by Powder X-ray diffraction (PXRD) patterns on a
Rigaku XRD-600 diffractometer using Cu-Ka radiation (A = 1.5418 A) with a step size of
0.02° and 4 second per scan. The crystal size was calculated with the Scherrer equation (®
= KA /B cos 0), where @ is the crystal size, K is usually taken as 0.94, A is 0.154 nm, which
is the wavelength of the X-ray radiation,  is the full width at half maximum intensity
(FWHM), and 0 is the Bragg angle in [A].Transmission electron microscopic (TEM) images
were obtained on a Philips TECHNAI G2 operated at 200 kV, in which specimens were
prepared by dispersing the powdered samples in ethanol by sonication for 15 min and then
drop-drying on a copper grid coated with carbon film. BET surface areas of the samples
were analyzed by the multipoint N, adsorption—desorption method at liquid nitrogen
temperature (—196 °C) by an ASAP 2020 (Micromeritics) instrument. Prior to the analysis,
the samples were degassed at 110°C and 5x10 *Torr for 5 h to evacuate the physically
adsorbed moisture. The Fourier transform infrared (FTIR) spectra of the samples were
recorded on a Varian FTIR spectrophotometer (FTS-800) at room temperature taking KBr
as the reference in the range of 400-4000 cm™. The UV-vis diffuse reflectance spectra of
the samples in the range 200 -800 nm were recorded in a UV—vis spectrophotometer (Cary
100 model EL 96043181). Pellets of 2 mm thickness of boric acid powder were used as a

standard for baseline correction and the spectra were recorded in a range 200-800 nm.
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Photoluminescence spectra measurements were performed on Perkin-Elmer (LS 55)
fluorescence spectrophotometer. Time-resolved photoluminescence (PL) spectra were
measured at room temperature with a Fluoromax-4 spectro-fluorometer (HORIBA
Scientific). For the photo electrochemical study, ZBy,4 LDH and ZBVy4 LDH film
electrodes were prepared by electrophoretic deposition by taking an iodine (30 mg) solution
in acetone (30 mL) that contained 30 mg of powder photocatalyst. Two parallel fluorine-
doped tin oxide-coated electrodes were immersed in the solution with a 10-15 mm
separation and a 60 V bias was applied between them for 2 minutes under potentiostat
control. The coated area was fixed at 1.5 cm and then dried. The photo electrochemical
measurements were performed by using a potentiostat—galvanostat (Versastat 3, Princeton
Applied Re-search) under illumination (A = 420 nm). The current voltage was measured by
using a conventional pyrex electrochemical cell that consisted of a prepared electrode as the
working electrode, and a Pt electrode and an Ag/AgCl electrode were used as the counter
and reference electrodes, respectively. The potential of the working electrode was controlled
by a potentiostat. The cell was filled with an aqueous solution of Na,SO4 (0.1M), and the
pH was adjusted to 6.5.

Photocatalytic experiment

Photocatalytic degradation of three common organic pollutants such as malachite green
(MG), rhodamine 6G (RHG) and 4-chloro-2-nitro phenol (CNP) was investigated in the
present investigation. MG, a widely used dye, was chosen as a representative, N-containing,
hetero aromatic, cationic thiazine dye with the chemical formula: C,3H,sCIN,. Rhodamine
6G (RHG) with chemical formula: CsH31N,03Cl is a chemically stable organic basic dye
with different functional groups used to dye wool, cotton, silk and papers where brilliant

shades of fluorescent effects are required. 4-chloro 2- nitro phenol (CNP) is a toxic and
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bio-refractory chosen as a pollutant which can cause considerable damage to the
ecosystem and human health. The structure of all pollutants is represented in Fig. S1.

For a typical photocatalytic experiment, 20 mg of catalyst were added to an aqueous
solution of usually 20 mL of 80 ppm MG, RHG and CNP taken in different 100 mL quartz
reactors. Prior to irradiation, the suspension was magnetically stirred in dark for 30 minute
to establish the adsorption and desorption equilibrium. Then the suspension was exposed to
solar light for 180 minutes in aerobic conditions. The average light intensity was around 10,
5000 Lx measured by using LT lutron Lx-101A digital light meter (nearly constant during
the experiment). After irradiation, the suspension was centrifuged and the content of MG,
RHG and CNP were analyzed quantitatively by using Varian Cary IE UV-vis
spectrophotometer (model EL 96043181) at a wavelength corresponding to the maximum
absorbance, 614 nm (MG), 547nm (RHG) and 280 nm (CNP).

The chemical oxygen demand (COD) is used to measure the oxygen equivalent of the
organic content in the sample. So, this technique is based on the measurement of changes in
oxygen concentration resulting in the photocatalytic oxidation of organic compounds and
determined by standard conventional method using K2Cr207.25 The degradation of
pollutants was followed by measuring the total organic carbon concentration using a TOC
analyzer (ANATOC).

Analyses of hydroxyl radicals (OH")

The concentrations of the OH" generated from the LDHs during photocatalytic reaction
were measured using a terephthalic acid (TA) fluorescence probe method. In this method,
terephthalic acid readily reacts with ‘OH to produce a highly fluorescent product, 2-
hydroxyl terephthalic acid, which shows the PL signal at 426 nm excited with 315 nm light.
Experimental procedure was similar to the measurement of photocatalytic activity

measurement except that 5 x 10™* M terephthalic acid in 2 x 10~ M NaOH solution was
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used instead of dye solution. The PL spectra were measured on a Perkin-Elmer (LS 55)

fluorescence spectrophotometer.

Superoxide radical detection.

For superoxide radical detection, electron paramagnetic resonance (EPR) spectra were

recorded on a Bruker EMX X-band spectrometer with 100 kHz field modulation. The

microwave frequency was calibrated using a frequency counter of the microwave bridge ER

041 XG-D. DPPH was used as a field marker (g = 2.0036). The irradiation light sources for

EPR study are HPA 400/30S lamp (400 W, Philips). The magnetic field values of radicals

were determined by employing the formula, hv = gBH.
RESULTS AND DISCUSSION
Structural, morphological and textural properties

The crystallographic structural characterizations of all the synthesized samples

(ZB2, ZB3, ZB4, ZBuy4 and ZBVy4) are investigated by PXRD (Fig.1). A single crystalline
phase was formed in all the cases. All the reflection peaks (00/) could be indexed entirely to a
brucite like structure with space group R-3m and hexagonal lattice. The presence of more
amount of Bi’" in the brucite layer during the co-precipitation process resulted in less ordered
stacking of the brucite layers and lower crystallinity. As the ionic radius of Zn*" (88pm) is
lower than that of the ionic radius of Bi*" (117pm), more amount of Bi*" in the brucite layer
results distorted the crystal lattice and pore crystallinity. Similar observation was noticed by
us in case of Ce doped Zn-Al LDH. *® Due to variation in molar proportion of Zn/Bi, the
change in crystallographic properties of (110) plane is observed. The lattice parameter ‘a’
indicates the average cation to cation distance in the layers calculated based on the (110) peak
position increases with the concentration of Bi** ions in the samples (Table S1). The sample
(ZBuy4) prepared under hydrothermal conditions is more crystalline and phase pure

possessing reflections at (003), (006), (009), and (110) plane with a basal spacing of 7.76 A
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[JCPDS: 41-1428]. These values coincide with those reported in the literature for carbonate-
containing hydrotalcite materials.”*The exchange of carbonate/nitrate with decavanadate is
illustrated (Scheme 1). In case of vanadate intercalated ZBy,4 LDH (ZBVyy4), the basal
spacing value (doo3) is 11.9 A along with other reflections recorded at 5.95 A (14.9°) and 3.95
A (22.4°) corresponding planes (006) and (009). As no peak is recorded close to 7.76 A, it is
presumed that carbonate species have been completely removed from the interlayer space of
ZByuy,V4 LDH. The exchange of interlayer anions CO32'/N03' by V100286' depends on both
pH and nature of the cations in the host structure.
According to reference, *’ the values of the lattice parameters, a and ¢, were calculated by
means of the following equations and reported (Table 1);
a= 2di10, ¢ = 3doo3
The value calculated for parameter ‘c’ is 35.7 A for ZBuyV4 LDH, which is in agreement
with the value reported by several authors for decavanadate-containing hydrotalcites.”* There
was almost no change in the d;;( value after intercalation of the vanadate, indicating that the
structure of the layers was retained. A considerable broadening of the peaks was observed in
the case of ZBVy4 LDH. Crystallite size is one of the important factors which played a
significant role for the photocatalytic activity. To further highlight this effect, the average
crystallite sizes of different samples were calculated by the Scherrer formula by using the
(003) plane, which gave mean values for all the as prepared LDHs (Table 1). ** Here the
crystallite size of the samples followed the trend; ZB2 LDH > ZB3 LDH > ZB4 LDH >
ZBuy4LDH > ZBVy,4 LDH.

The morphology of all LDHs was further systematically investigated by TEM
analysis, as shown in Fig.2 (A, B and C). All the as prepared materials showed flake like
particles. The selected area electron diffraction (SAED) pattern taken from these particles

shown in the Fig.2 (D, E and F) clearly reveals the presence of concentric diffraction rings of
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pure LDH phases and all are polycrystalline in nature. The crystallinity nature of ZBy,4 LDH
and ZBVy4 LDHs are higher than the ZB4 LDH, confirmed from our PXRD section.
ZBVyuy4 LDH did not give rise to any significant change in morphology.

To investigate the textural properties of LDH, the materials were analyzed by
Brunauer—-Emmett-Teller (BET) surface area by nitrogen adsorption-desorption
measurement. To be a good candidate for a photocatalyst, its surface area is also important.
N, adsorption—desorption isotherms of the samples are presented (in Fig. S2). The sorption
isotherms of ZByy4 is type III with H3 type hysteresis loop according to the BDDT
classification and surface area is 71 m*g. Hysteresis loop of H3 is always correlated with
slit-shaped pores.™ ZBVyy4 exhibits a typical IV isotherm with a H1-type hysteresis loop
(P/Py= 0.36) and surface area 140 mz/g, implying the presence of mesoporosity. Type H1
loops are often assigned to agglomerates or compact or spherical particles with uniform
size. *' However, the surface area decreases with increasing Bi*" content in the brucite layer
reported in table 1 indicating low activity because the large surface area and the mesoporous
materials are capable of allowing an easy diffusion of the pollutant molecules, resulting in
higher photocatalytic activity.

The presence and nature of the charge-compensating anions of all LDHs were
investigated by FTIR spectroscopy (illustrated in Fig.3). The broad absorption between
3600-3300 cm™ is due to stretching mode of hydrogen-bonded hydroxyl groups, both
from the brucite-like layers and from the interlayer water molecules. The presence of a
vibration band at 1360 cm™ is attributed to carbonate ions in case of ZB,4. But the bands
at 960, 815, 745, 598, and 505 cm™ are attributed to decavanadate species in the gallery.32
The band at 960 cm™ indicated the symmetric stretching mode of terminal V=0 groups

(Vy=o), while the bands between 800 and 500 cm™” may be assigned to anti-symmetric and

symmetric stretching modes of V-O-V chains. The band at 646 cm™ is assigned to the vy,

10
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in bridging V-O-V units in the tetrahedral chain. These results are in good agreement with
the previous studies. >

Optical properties

It is well-known that light absorption properties, generation and the migration of the light-
induced charge carriers which are governed by the electronic structure and characteristics of
a semiconducting material are the main key factors for controlling photocatalytic
reactions.”* The ZBuy#4 LDH photocatalyst showed a broad absorption at about 420 nm
assigned to overlapping of two bands, namely O* —Bi’" ligand to metal charge transfer
spectra (LMCT) for bismuth octahedron and another meant for metal-metal charge transfer
spectra (MMCT) for Zn (II) ~O—Bi (III) oxo-bridged system. In case of ZBVy,4 LDH, the
absorption edge shifted towards visible region at about 530 nm (Fig. 4a). The results
showed that the intercalated vanadate increases the absorbance of visible light and extends
the absorption edge to longer wavelength because of the oxygen metal charge transfer
spectra (OMCT) of O* — V" in VOs octahedron. The absence of any band in the 600-
800 nm range indicates the absence of V'Y species.”’

As discussed above, the visible light absorption by ZBys#4 is owing to MMCT
excitation of the oxo-bridged Zn (II) —O—Bi (III) system. As, the oxo-bridged bimetallic
linkages of LDHs are connected via two neighbouring octahedrons, and according to the
oxidation state of Bi’" cations in the bimetallic linkages of Zn-O-Bi LDH, the visible-light
induced MMCT of Zn (I)-O-Bi (III) — Zn (I)-O-Bi (IV) is supposed to occur in this
system. The excitation transition of an electron from one metal to other metal in oxo-
bridged system with more than one type of metal differing in oxidation state is referred to as
metal-to-metal charge transfer spectra. A lot of work has been documented on the visible-
light induced MMCT for different oxo-bridged bimetallic systems. **>" This is confirmed

by the optical difference spectra following an exposure of the ZBy,4 LDH at 420 nm

11
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irradiation for 6h in the presence of O, (inset Fig. 4(a)) where the absorption extends to
visible range, clearly demonstrated. Red shift of the absorption is characteristic to MMCT
since the absorption energy of MMCT is dominated by the difference in energy between the
HOMO of acceptor and LUMO of donor elements.**Our recent work also revealed MMCT
of the oxo-bridged bimetallic linkages of Zn (I1)-O-Y (III) system. ’

The band gap energy of both LDHs could be calculated by equation 1.

ahv=A(hv-E,)"? 1)

Where o,0, A and E, are the absorption co-efficient, light frequency proportionality
constant and band gap energy, respectively. In this case ‘n’ decided the characteristics of the
transition of the materials i.e. direct transition or indirect transition. The method to evaluate
the values of n has been reported elsewhere.”’ With use of this method, the value of n for
both prepared LDHs were determined as 4 from their absorption spectra. This means that
the optical transitions for both LDH materials are indirectly allowed. The band gap energy
(E,) can be estimated from the intercept of the tangents to the plots of (a (hv)) 03 against hv
photon energy as shown in Fig. 4(b). The band gap of ZBVy4 was estimated to be 2.25 eV
indicating narrow band gap as compared to ZByy,4 LDH (2.95).

Photoluminescence study

The photoluminescence (PL) emission spectra are useful to disclose the efficiency of charge
carrier trapping, migration, transfer and separation of photogenerated electrons and holes in
a semiconductor as it results from the recombination of free carriers; the lower PL intensity
indicate lower recombination rate of the semiconductor.*’ In this study, the PL emission
spectra of all LDH samples examined in the 400—600 nm is revealed (Fig. 5a). It is observed
that a strong emission peak at approximately 470 nm is present in the spectra, associated
with the radiative recombination of localized surface trapped charge carriers. The reduction

. . e g . .. . . 41 + - .
in PL intensity indicates decrease in radiative recombination process. = Likewise the other

12
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small peaks about 500 nm may be due to the surface defect sites which showed green
emission spectra and are also in agreement with the result of Wie's group. '°'" Furthermore,
the intensity of PL peak for ZBy,4 LDH is higher than the ZBVy,4 LDH. Therefore, it can
be concluded that the recombination chance in case of ZByy4 LDH is higher than that the
ZBVyy4. The resultant depression of electron hole recombination is surely advantageous for
the improvement in photocatalytic activity. 2 S0 the intercalated vanadate can act as a
charge trapping species retarding the electron hole recombination rate and improve the
probability of photogenerated charge carrier separation and enhancing the photodegradation
of organic pollutants.

Time-resolved photoluminescence spectroscopy was applied to study the dynamics of
the photo generated carriers. In order to facilitate the reaction between photo-generated
charges and organic contaminants, longer lifetime of photo generated charges is required. The
emission decay data were analysed with bi-exponential kinetics in which decay components
were derived.®** The life times (1] and 12), pre-exponential factors (Al and A2), and
intensity-average life time ((t)) for ZB4, ZByy4 and ZBVy4 LDH material were determined
(Table 2) Typical fitting results to derive PL life times are shown (in Fig. 5 (b)). It can be
clearly observed that the average lifetime of photo generated charges in ZBVy,4 LDH is 5.6
ns, which is 1.2 and 8 times longer than that of ZBy,4 LDH and ZB4 LDH, respectively. The
long PL decay time for ZBVyy4 has been assigned to a low concentration of radiative defects
in the materials. The longer lifetimes of photo generated charges are beneficial to react with
target molecules.

Photo electrochemical measurement
In addition to optical response, we further investigated the photo electrochemical properties
of the material by photocurrent measurement. The photocurrent plots of ZBuy4 and ZBVy4

LDH are shown in (Fig.6 (a), (b)). The photo electrochemical measurement was carried out

13
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at pH 6.5 vs. Ag/AgCl electrode in 0.1 M Na,SO,4 solution. The result of photocurrent
measurement for both the LDHs confirmed that the increase in photocurrent density with an
increase in cathodic bias indicates the p-type conductivity of ZBuy4 and ZBVy,4 LDH,
serving as photocathode.*” Since both are p-type, the photocurrent onset potential for both
cases provide the value of the valence band edge, from which the value of the conduction
band edge is estimated. In the case of p-type semiconductor, photo-current is generated
when the flat band potential exceeds applied potential.* The onset potential of ZBpy4 and
ZBVyy4 LDH are determined by plotting I-V curves both in the dark and light illumination.
The photocurrent onset potential (valence band edge) of both ZBy4 and ZBVy,4 LDH
were observed at +2.08 V and +2.15 V vs. Ag/AgCl at pH 6.5. As the HOMO — LUMO are
no other than VB and CB respectively, the HOMO of ZBy4 LDH and ZBVy,4 LDH was
laying at +2.08 V and +2.15 V. Consequently, the position of LUMO energy levels for both
ZBuy4 and ZBVyy4 LDH materials were at -0.87 V and -0.10 V vs. Ag/AgCl at pH 6.5.
All these results indicate that the catalyst is a semiconductor strongly responsive to light
irradiation. Under the same condition, ZBVy4 LDH (+2.15 V) showed a higher oxidation
ability (more positive valence band potential) than ZBy,4 LDH (+2.08 V) confirmed as a
potential photo functional material and both are more positive than OH" , OH™ (~ +1.9 V),
suggesting that both the as prepared LDHs could able to react with OH/H,0 to form OH’
Therefore, the decomposition of dyes by LDHs could be due to the reaction with the photo
generated OH" directly .

Photocatalytic activity

The photocatalytic performance of all the as prepared LDHs was investigated in terms of

photodegradation of organic pollutants MG, RHG, and CNP under solar-light irradiation.

Before monitoring the photocatalytic activity of the photocatalysts, simple photolysis and

adsorption experiments were performed. It is observed that the characteristic spectra of the

14
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pollutants in photolysis were remained unchanged even after 180 min. This confirms that the
degradation of all pollutants is negligible or almost zero without adding any photo catalyst.
Moreover, the experimental result predicts that MG, RHG and CNP in the aqueous solution
are highly stable and inactive under visible light. Prior to solar light irradiation, the
adsorption properties of all materials towards various dyes were examined in dark to establish
the adsorption/desorption equilibrium. In dark conditions, about 20-25% organic pollutants
are found to be adsorbed over these samples within 30 minutes, suggesting that there are no
obvious differences among these samples in their abilities to adsorb MG, RHG and CNP in
aqueous solution after 30 minutes and it could be seen that an equilibrium state of dye
adsorption reached within 30 minute (figure S3). With the same initial concentration, low
amounts of organic pollutants are adsorbed over all the as prepared LDHs. Under solar light
irradiation, about ~ 90% of MG, 87% of RHG and 85% of CNP were degraded after 60
minutes by using ZBVy4 LDH. However, after 180 minutes about ~ 65% and 45% of MG,
62% and 40% of RHG, 58% and 35% of CNP were decolorized by ZBu,4 LDH and ZB4
LDH, respectively, which confirmed ZB4 LDHs are less efficient than other LDHs under the
same experimental conditions.

It has been widely reported that some degradation intermediates are more toxic and
carcinogenic than the parent compounds. Hence, the complete mineralization of dye
components prior to wastewater discharging is highly desirable.*’ The TOC is a common
water quality criterion, and its reduction is desirable. A complete disappearance of organic
carbon would confirm the complete mineralization of pollutants. Fig.7 showed that the
normalized TOC is in dependency with the irradiation time for all the organic pollutants.
After 3 h of irradiation, the % of TOC removal from MG, RHG and CNP are about 80 %,
78 %, and 70 % over ZBVyy4 LDH, about ~75%, ~ 70% and 65% over ZBuy4 LDH and

40%, 32% and only 25% over ZB4 LDH, respectively. The result demonstrated that the
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degradation process of all pollutants proceeds very rapidly over ZBVyy4 LDH. Also it may
be noted that there is still some organic carbon was left out. So, complete degradation takes
longer time than for the total disappearance of color of the pollutants in UV-Vis spectra.

The chemical oxygen demand (COD) is widely used as an effective technique to
measure the organic strength of wastewater. The test allows measurement of waste in terms
of the total quantity of oxygen required for oxidation of organic matter to CO, and water.
The COD of all the solutions were estimated before and after the photo catalytic reaction
using the K,Cr,O7 oxidation method. The reduction in the COD values of the treated dye
solution indicates the mineralization of dye molecules along with the color removal. Fig.8
gives the COD removal in mg/L and its efficiency after 180 minutes of light irradiation. The
degradation efficiencies obtained after 180 minutes of irradiation were 91%, 78%, and 58%
for MG, 85%, 78% and 55% for RHG, and 87% 75% and 52% for CNP over ZB4 LDH,
ZBu#4 LDH and ZBVyy4, respectively, indicating that the rate of decolourisation of
pollutants was noticeably faster in the case of ZBVyy4 than that of others.

To quantitatively understand the reaction kinetics of organic pollutants degradation,

the Langmuir—Hinshelwood model was applied in photocatalytic experiments, as expressed

by
—d [oP .
dE_‘ ] = kgps[OP] (2]
[0F] = [0P],, att=0 3)
[OF]q
In — “Kopst “4)

Also written as
In (Co/Cy) = kobs t (5)
where ‘OP’ is organic products, k£ is the apparent reaction rate constant, Cy is the

concentration of aqueous pollutants at the reaction time to, and C; the concentration of the
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pollutants at the reaction time t. Table S2 showed the values of kqps and t;, parameters (time
required to degrade half of the initial concentration of dye). This result clearly indicates that
the intercalated vanadate in ZByy4 LDH required less than 18 minutes for degrading half of
the initial concentration of all dyes.

To investigate the recyclability, the photocatalysts were collected after the
photocatalytic reaction and reused in a photocatalytic reaction in successive three times
under the same conditions. As shown in fig. S4, the as-synthesized catalyst displayed good
stability and maintained a high photocatalytic performance during the three successive
reaction cycles.

Discussion on possible photocatalytic mechanism

It is well known that the photocatalytic activity is mainly governed by crystal structure,
adsorption ability, and separation efficiency of photo generated charge carriers.*® It can be
seen from the XRD spectra that ZBy,4 LDH exhibits more crystallinity than others. Garcia
et. el found that the cation doping capacity at the octahedral sites of the brucite layers of the
LDH act as a doped semi-conductor. 6 Similarly, Bi®" is substituted in the brucite layer of
the LDHs and act as doped semi-conductors. Bi®" has been found to be a more effective
dopant for photocatalysis, this could promote the efficiency of electron-hole pair formation,
separation and facilitate the transfer of excited electrons under visible light. Furthermore,
this LDHs constituted the sheets of edge shared Bi {O (Zn)} ¢ octahedral units where ZnOg
edge shared octahedron links through BiOg octahedron to form three-dimensional
tetrahedron. However, the ZnOg octahedron is active only in the UV-region, but the
presence of Zn helps in getting better crystallinity. In BiOg, it can be considered that the top
of the VB is mainly composed of Bi 6s and O 2p, and the bottom of the CB is Bi 6s and Bi
6p. So, Bi 6s orbital have a large contribution towards top of the VB and the bottom of the

CB. *?!According to HOMO and LUMO concept, HOMO - LUMO is no other than top of
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the VB and bottom of the CB respectively. Additionally, a contribution from Bi 6s orbital
was also observed for both the HOMO and LUMO and suggesting there is ‘s-to-s’
excitation in the material. The photo generated electron transfer is also heavily affected by
the orbital orientation. As ‘s’ orbital has spherical symmetry, subsequently, s-s transition
have lowest energy barriers and beneficial for the photo generated charge carriers.
According to the previous result of density contour maps, the valence band maximum is
considered as the Fermi level, and it is located at the A point in the first Brillouin zone,
while the conduction band minimum is located at the V point.”> From the Touc plot and
photocurrent measurement, it is observed that the transition is indirect and the system
showed p-type character. This is in good agreement with the reported result.

The role of interlayer carbonate ion of LDHs towards the photocatalytic activity was
less investigated, but recently our group '* demonstrates that the presence of carbonate in
the interlayer inhibit the electron-hole recombination and significantly increases the
photoactivity towards hydrogen evolution. By considering this point, we thought that
carbonate intercalated ZByy4 LDH under visible light irradiation would favor electron-hole
separation and might be a cause for enhanced degradation of pollutants.

Investigation of active species

In the present study, the degradation rate of MG, RHG, and CNP over ZB4 , ZBy4
and ZBVy4 LDHs showed a great decrease in the presence of benzoquinone (rate constant,
K= 6.1 x10° min™") and 2-Propanol (rate constant, K = 1.0x10” min™ ) {shown Fig. S5}
which are scavengers of O, ° or 'OH, respectively. This clearly demonstrates the
involvement of ROS in pollutant degradation. **-*

Detection of hydroxyl radicals and super oxide radicals
Moreover, to detect the presence of OH radicals, we used terephthalic acid (TA) as a

fluorescent probe. A gradual increase in PL intensity at about 426 nm is observed with time
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for all materials. However, no PL intensity increase is observed in the absence of visible-
light irradiation. This suggests that the fluorescence is from the chemical reaction between
terephthalic acid and ‘'OH formed during photocatalytic reactions. TA reacts with OHe
readily to produce a highly fluorescent product, 2-Hydroxy terephthalic acid whose PL
intensity is proportional to the amount of hydroxyl radicals." Fig.9 demonstrated the
comparison of PL intensity for different samples at 30 min. It can be easily seen that the
amount of OH’ radicals produced by ZBVyy4 is larger than that of other catalysts.
According to the reported result, the photo generated holes on the surface of bismuth-
containing photocatalysts cannot react with H,O to form OH" under visible light due to the
low standard redox potential of Bi*"/Bi*" (E° = 1.59), compared to HO,/OH" (1.99 V).” But
according to our PEC result, the higher oxidation ability (more positive valence band
potential) of ZBVyy4 LDH and ZByy4 LDH could able to form OH', Also, the surface OH"
groups of the LDHs are capable to form OH’ radical which play an important role in the
photocatalytic reaction. Thus, it is confirmed that hydroxyl radicals are active species and
indeed participate in photocatalytic reactions. The photocatalysis is basically a surface
phenomenon that is being very sensitive to the amount of surface OH groups which may act
as the principal reactive oxidant in the photo reactions.

Furthermore, the identification of O, radicals was studied by EPR (Fig. 10). ZBy4
LDH was subjected to a thermal treatment in vacuum at 473 K, followed by exposure to
oxygen environment at room temperature prior to EPR measurement. As observed, the EPR
spectrum of materials measured with O, under visible irradiation (A> 400 nm) shows a
signals at g, = 2.003, g~ 2.011, g, =2.0037 coincide to the g-tensor of the superoxide
radicals, > which is formed by the interaction of Bi (III) with the adsorbed O, to form {Bi
(TI1) +O, — Bi (IV) +0;7}. Therefore the excitation of {Bi (III) +Zn (II) — Bi (IV) +Zn

(D} act as a new class of visible-light-sensitive redox centers which are responsible for the
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degradation of dyes. During this process, the generated Zn (I) can be trapped by the
adsorbed O, molecules and return to Zn (II), producing the superoxide radicals and also Bi
(IV) reduced to Bi (IIT) by extracting one electron from the oxidizing dye molecules. In
such a recycle process of electron transfer, the superoxide anion radical could be generated
continuously. Ultimately, Bi (IIl) species are not consumed in the reaction. Here the Bi’*
of s> ions behaved as electron-donating ions to M(d") ions, so there is usually a low-
lying MMCT state which has been reported by others.”® During visible-light irradiation,
the heightening of EPR intensity of ZBy,4LDH than ZB4LDH suggest the formation of
more number of superoxide radicals. But the intensity of ZBy,4 LDH and ZBVy4 LDH are
remained identical. Consequently, we believe that for both the cases, the Bi (III) species
which have metal-oxygen-metal sites can originate visible-light induced MMCT transition
upon visible-light irradiation. So, the ability of the oxo-bridged linkage act as a visible-light
induced redox center to drive a photoreaction was demonstrated by the degradation of
pollutants in aqueous solution upon visible-light irradiation. It is proposed that the local
coordination environment of octahedron units (metal-oxygen-metal bond) in ZBy,4 LDH
would have a significant influence on the photocatalytic activity.

Enhancement in photocatalytic activity of ZBVHy4 LDH

However, in vanadate intercalated LDH, some additional factors may be contributing for the
improvement of photocatalytic activity. Decavanadate are made of octahedral packed 10
edge-sharing [VOg] octahedron where V" ions polarized bonded with terminal O ligands
resulting in closed clusters with Dy, symmetry. The structure, which is based on a sodium-
chloride-like arrangement of V and O atoms, has a close relationship to other isopoly
complex molybdates, niobates, and tantalates. So the DRS spectra are characterized by
charge-transfer (CT) transitions of the type O — V> and d-d transitions of V°", and their

energies are dependent on the oxidation state and coordination environment.> The distorted
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VOg octahedron was essential for the photocatalysis due to large dipole moment in the
materials, which could facilitate the electron hole separation. In the case of photocatalytic
reaction over vanadate intercalated LDH, both are responsible i.e. BiOg and also interlayer
vanadate. From the molecular orbital energy level diagrams, predicted on the basis of group
theoretical analysis for vanadate bearing Td symmetry, it can be seen that the HOMO is
nonbonding fully filled oxygen 2p orbital with t; symmetry and that the LUMO is the
molecular orbital contributing V(3d orbital) with symmetry ‘¢’.”’Thus, the mode of
activation of the catalyst is photonic activation by exciting the catalyst by absorbing high
energy than the band gap energy which leads an intermolecular O,, —V (3d) charge
transfer spectra assigned as HOMO — LUMO Oxygen metal charge transfer spectra
(OMCT).

By using semiconductor notation, the excitation of ZBVy4 at the OMCT band can be

presented as follows:

ZBVpy4 LDH+ hv - ZBVyy4 LDH (h'+¢) (6)
ZBVyu4LDH (h " +¢e)+H,0  — ZBVu4 LDH (¢)+OH + H' (7
ZBVy4 LDH () +0,  — ZBVyy4 LDH + O, ®)

Therefore, we can suppose that photo generated OH™ and O, radicals are responsible for

photocatalytic degradation pathway of organic pollutants.

CONCLUSIONS
In summary, the photocatalytic activity evaluation, via the photo-degradation of various
color and colorless pollutants under solar light demonstrated that ZBu,4 LDH exhibited
much higher photocatalytic activity than ZB4 LDH. The enhanced photocatalytic activity of
ZBuy4 LDH is attributed to (i) High crystallinity and phase purity (i) ‘s-to-s’ excitation
of BiOg octahedron (iii) low recombination of charge carriers confirmed by PL (iv) act as a

oxo-bridged system possessing a number of metal-oxygen-metal sites that are able to
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produce superoxide radicals and (v) long photogenerated charge lifetime. The intercalating
of vanadate in the interlayer of ZByy4 LDH (ZBVy,4 LDH) gives promising result in terms
of degradation time and mineralization compared to other LDHs. The superior performance
in short time period of ZBVy4 could be attributed to its lowest crystallite size, high surface
area, and higher oxidation ability (more positive valence band potential calculated from
PEC study). The long-lived exciton and broad visible absorption could potentially furnish
materials for photocatalysis. Furthermore, the presence of distorted VOg octahedron of
decavanadate was essential for the photocatalysis due to large dipole moment in the
materials, which could facilitate the electron hole separation confirmed by PL. It is
suggested that the vanadate intercalated bismuth doped LDH can promote the transfer of the
excited carriers and prolong the life time of the carriers on the surface leading to the
enhancement of the activity for photocatalytic reaction.
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Table captions

Table 1. Cell parameters, Average Crystallite size, BET Surface area of all as prepared
LDHs.

Table 2. Photogenerated charge lifetimes of all as preapred materials.

Scheme captions

Scheme 1. Schematic representation of nitrate/carbonate exchange with decavanadate in
layered double hydroxide; d spacing were calculated from XRD analysis.

Figure captions

Fig. 1 PXRD pattern of all the samples (Inset: PXRD pattern of ZB2, ZB3, and ZB4)

Fig. 2 TEM image of (a) ZB4LDH (b) ZBuy4s LDH (¢) ZBVyy 4 LDH and SAED pattern
of (d) ZB4LDH (e) ZBuy4 LDH (f) ZBVyy 4 LDH.

Fig. 3 FTIR spectra of ZBHy4 LDH and ZBVy, 4 LDH.

Fig. 4 (a) UV—Vis diffuse reflectance spectra of ZBy,4 LDH and ZBVyy 4 LDH (Inset: UV
vis diffuse reflectance spectra of ZBy,4 before and after exposure to 420 nm irradiation

for 6h in the presence of O,) (b) Band gap energy of ZBHy4 LDH and ZBVyy, 4 LDH.

Fig. S Fluorescence spectra of all the as prepared LDHs (a) ZB4LDH (b) ZByy4 LDH (c)
ZBVyy 4 LDH.

Fig. 6 Current—potential curves for (a) ZBuys LDH and (b) ZBVyy 4 LDH under dark and
light irradiation in 0.1 M Na,SO4 aqueous solutions at pH 6.5.

Fig. 7 % of TOC removal over (a) ZB4LDH (b) ZBnys LDH (¢) ZBVyy 4 LDH. .

Fig. 8 Photocatalytic degradation of all pollutants (a) MG (b) RHG (c) CNP with all prepared
LDHs by COD (mg/L) and photodegradation efficiency (%).

Fig. 9 PL spectral changes with visible-light irradiation time over all as prepared samples in

a 5 x 10 M basic solution of terephthalic acid.
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Fig. 10 EPR spectra of (a) ZB4LDH (b) ZBnys LDH (c) ZBVyy 4 LDH.

Supporting Information

Fig. S1 The structures of (a) Malachite green (b) Rhodamine 6G (c) 2 nitro-4-chloro phenol.

Fig. S2 The nitrogen sorption isotherm of all as prepared LDHs.

Fig. S3 Adsorption, Photolysis and photocatalytic degradation of (a) MG (b) RHG

(c) CNP in aqueous solution (80 ppm) with all as prepared LDHs.

Fig. S4 Recycle test of the (a) ZBuy4 LDH and (b) ZBVy,4 LDH.

Fig. S5 Photocatalytic degradation of MG, RHG, and CNP for as prepared LDHs under
visible irradiation in the presence of different quencher.
Table S1 The values of kqs and t;, parameters (time required to degrade half of the initial

concentration of dyes).
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Table 1. Cell parameters, Average Crystallite size, BET Surface area of all as prepared

LDHs.

All Datas in the tablel were calculated from the XRD.

Catalysts Structural parameter A Average Crystallite size BET Surface area
doos ‘ ‘a’ A) m’/g

ZB2 LDH 7.76 233 3.09 36 35

ZB3 LDH 776 233 3.07 33 54

ZB4 LDH 776 233 3.06 30 58

ZB 4 LDH 776 233 3.06 29 69

ZB y, 4 LDH 7.76 238 3.06 17 7

ZBV 4 4LDH 119 357 3.06 11 140

Table 2.Photogenerated charge lifetimes of all as preapred materials.

All Datas in the table 2 were calculated from the Time-resolved photoluminescence (PL) spectra.

Sample al 1 a2 T2 T
7B 4 LDH 7278.9 6.1389 3049.4 4.023 0.70
7B yy 4 LDH 5594 2.2482 4395.1 5.7204 4.5
ZBYV yy 4 LDH 6013.9 6.3234 4687.9 4.1966 5.6
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Page 29 of 40

Schematic representation of nitrate/carbonate exchange with decavanadate in

Scheme 1.

layered double hydroxide; d spacing were calculated from XRD analysis.
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Fig. 2 TEM image of (a) ZB4 LDH (b) ZByy4 LDH and (¢) ZBVyy4 LDH and SAED pattern

of (d) ZB4 LDH (e) ZBuy4 LDH and (f) ZBVy,4 LDH.
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Fig. 4 (a) UV—Vis diffuse reflectance spectra of ZBy,4 and ZBVy,4 LDH (Inset: UV-Vis
diffuse reflectance spectra of ZBy,4 LDH before and after exposure to 420 nm irradiation for

6h in the presence of O,) (b) Band gap energy of ZBy,4 and ZBVy,4LDH.
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Fig. 7 % of TOC removal over ZB4LDH, ZBy,4 LDH and ZBVy,4 LDH.
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(c) CNP degradation
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Fig. 8 Photocatalytic degradation of all pollutants (a) MG (b) RHG (c) CNP with ZB4LDH,

ZBny4 LDH and ZBVyy4 LDH by COD (mg/L) and photo-degradation efficiency (%).
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Fig. 9 PL spectral changes with visible-light irradiation time over ZB4LDH, ZBy,4 LDH

and ZBVy4 LDH ina 5 x 10™* M basic solution of terephthalic acid.
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Fig. 10 EPR spectra of ZB4LDH, ZBy,4 LDH and ZBVyy4 LDH.
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