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Achieving photocatalytic organic transformation reactions by using a visible light induced semiconductor-
based photocatalyst is promising as a green and sustainable approach. In the present study, Au/Pd bimetal-
lic alloy loaded amine (APTES) functionalised LDH (Layered double hydroxide)-MCM-41 composite was
prepared through an in situ co-precipitation followed by a co-reduction method. The structural phases,
textural properties, optical behaviour, morphological aspects, chemical states and functional groups of the
photocatalysts were thoroughly analysed by powder X-ray diffraction (PXRD), high-resolution transmission
electron microscopy (HRTEM), ultraviolet-visible diffuse reflectance (UV-vis DRS), fourier-transform infrared
(FTIR) and X-ray photoelectron (XPS) spectroscopies. Moreover, the formation of an alloying structure be-
tween Au and Pd was confirmed from PXRD, HRTEM and UV-vis absorption spectra. We investigated one-
pot synthesis of imines through photoalkylation of benzyl alcohol with nitrobenzene over Au/Pd bimetal al-
loy loaded on amine functionalised LDH-MCM-41 composite and it demonstrated imine yield of around
3.1 times (68%) more than the parent LDH (22%). The alloy nanoparticless efficiently harvest light and pos-
sess higher photocatalytic activity with respect to single Pd and Au nanoparticles. Due to the alloying struc-
ture develops charge heterogeneity on the surface of alloyed nanoparticles and enhances the interaction
between metal surface with substrate molecule which promotes the coupling between photo generated
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benzaldehyde with aniline to form imine. Characterisation such as photoluminescence (PL), time-resolved
photoluminescence (TRPL), electrical impedance spectroscopy (EIS) and photocurrent density measure-
DOI: 10.1039/c8cy02603c ments further proved the superior photoactivity towards imine synthesis. These photocatalytic tandem re-
actions, therefore, have great potential as an effective pathway for the one-pot organic synthesis and

rsc.li/catalysis transformation of organics in an environmentally friendly way.

because they can undergo versatile organic conversions such
as condensations, additions, reductions, and multi compo-

Introduction

Imines are a superior group of organic compounds with car-
bon-nitrogen bonds which are very essential intermediates of
various biological, pesticides, polymer and medicine products
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nent reactions." To serve these purposes, fabrication of a ba-
sic unit imine is essential. The approach to imine synthesis
has been adopted through photochemical reactions and vari-
ous traditional methods. Although the design of complicated
organic transformations for imine formation and photo-
chemical reactions is admirable, they are associated with low
selectivity of targeted products which makes the process diffi-
cult.” Traditionally, with the support of a Lewis acid catalyst,
the aldehydes/ketones undergo dehydrating condensation re-
actions with amines to form imines. Furthermore, with a sim-
pler approach, dehydrogenation of secondary amines to form
imines is also possible using strong oxidising agents like
MnO, and o-iodoxybenzoic acid. However, adaptation of such
a synthesis route provides a low stability and expensive path-
way, difficulty in controlling the reaction conditions and low
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selectivity of target products with many undesired by-
products generated from those oxidising agents. Various re-
search groups also have reported the quick condensation of
aldehydes and amines in the presence of a Lewis acid as cata-
lyst at room temperature, but this rapid oxidation process
does not lead to a visualized successful reaction.>® To cir-
cumvent these difficulties, research has been accredited from
photochemical and traditional methods to photocatalytic re-
actions that can be executed under easily available conditions
to achieve higher product selectivity.” Further, integration of
a photocatalytic reaction into a tandem reaction facilitates
multi-step reactions in one reactor and is considered as an ac-
tive approach to enhance chemical reactions. This approach
bypasses time consumption, the formation of unwanted inter-
mediates, lengthy separation purification processes, energy
utilization and loss of production.® Many organic transforma-
tion reactions have been reported which are carried out in
one pot tandem reactions. But, many of these engage homo-
geneous catalysts, resulting in contaminated products and re-
strict recyclability.® So, our current research is focused on de-
veloping a heterogeneous photocatalytic system, involving
one-pot synthesis. In this one-pot synthesis route of imines,
the alkylation of benzyl alcohol (alkylating reagent) with nitro-
benzene in cooperation with a heterogeneous photocatalyst is
one of the most promising approaches due to easy accessibil-
ity, reasonable price, low energy consumption, environmental
friendliness, reusability, and durability.” In this context of
one-pot imine synthesis, many visible light induced photo-
catalysts were studied for organic conversions that usually in-
volved the following three consecutive steps: (i) photooxida-
tion of benzyl alcohol to benzaldehyde, (ii) photoreduction of
nitrobenzene to aniline, (iii) and finally condensation of benz-
aldehyde with aniline to form imine.

Moreover, noble metal (Au, Pd, Ag, Pt and Cu) supported
catalysts have been efficiently used in various photocatalytic
reactions such as water splitting organic conversions, organic
pollutant degradation, etc."”'" Among them, bimetallic alloy
catalyst (Au/Pd) photocatalytic organic transformation reac-
tions are important as they provide a greater activity result
compared to single metal (Au/Pd) bimetallic alloy nano-
particles, which have synergistic electron interactions be-
tween them that can enhance the photocatalytic perfor-
mance. Further, upon visible light irradiation by the effect of
localized surface plasmon resonance (LSPR), the energetic
electrons (hot electrons) are transferred from Au to Pd due to
the electronegativity difference between the two atoms. As a
consequence, electron availability in the Pd site proffers a
good affinity for activating the reactant molecules. The
charge heterogeneity on the surfaces of Au/Pd alloy nano-
particles plays a vital role in the photocatalytic reaction.'”
Various literature reports on Au/Pd alloy supported semicon-
ductor materials like TiO,,"* BiPO,,'* g-C;N,,'> MOF(UiO-
66(Zr100-+Tiy)),'® etc. describe photocatalytic reactions. Addi-
tionally, the nature of the support material is also very impor-
tant in organic conversion reactions. Surface acidity and ba-
sic sites stimulate the adsorption of substrate molecules to
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generate intermediate complexes which facilitate the
reaction.

LDH (Layered double hydroxide) plays an important role
in heterogeneous catalysis such as: (1) cation-tunability of
the brucite-like layers with anionic exchangeability and (ii)
tunable basicity of the surface both as Brensted- and Lewis-
type basic sites."”” Considering the surface basic properties
of LDH, it has progressively received much attention in
various organic transformation reactions like condensa-
tions (Knoevenagel and Aldol), transesterification and
isomerisation."®° (iii) Uniform distribution of bivalent and
trivalent metal cations in the brucite layer as well as pre-
ferred orientation of intercalated anions, offers the formation
of highly dispersed and stable metal supported catalysts."”
Moreover LDH is a very good visible light based semiconduc-
tor photocatalyst with various important characteristics such
as efficient light harvesting power, tunable band gap energy,
effective electron-hole separation and improved surface reac-
tion kinetics.”* Until the present, many scientists have stud-
ied Au/Pd alloy decorated LDH nanocomposites for photo-
catalytic and catalytic applications. Wang et al. reported an
Au-Pd/MgAl LDH for enhancing a photocatalytic reaction to-
wards selective oxidation of benzyl alcohol.>” Sobhana et al.
studied Au/Pd nanoparticles decorated with LDH for photo-
degrading orange II from water.>* In another study, Gao et al.
investigated the aerobic oxidation of 5-hydroxymethylfurfural
in water over a highly energetic Au/Pd loaded lanthanum-
doped Ca-Mg-Al LDH catalyst in a base free medium.>*

Direct loading of noble metal on LDH surface leads to the
formation of agglomerated metal nanoparticles. Therefore, to
improve the loading of Au/Pd NPs, the surface of LDH was
functionalized by amine groups. Previously, our group has
studied the primary alcohol oxidation and Suzuki coupling
reaction by taking a Pd(u)-immobilised diamine functional-
ized LDH and Pd nanoparticles anchored on amine function-
alized ZnAl-LDH catalyst, repectively.>>>® Although LDH pos-
sesses good potential support for functionalising with amine
groups, usually its surface areas is very low and cannot pro-
vide sufficient exposed surface -OH groups for the grafting of
amine groups. Therefore, modification of LDH with MCM-41
gives a large surface with silanol groups and mesoporous
channels which can enhance the anchoring sites for amine
group attachment and also promotes the mass transport of
reagents to and from the surface. Metal ions substituted in
the MCM-41 framework behave as redox active sites which
can be utilised for various catalytic condensation reactions.*’
The support material after functionalization promotes the
uniform dispersion of metal ions onto the surfaces of the cat-
alyst without aggregation. The surface functionalities not
only serve as interaction sites for stabilising the metallic
nanoclusters but also play a crucial role in photocatalytic or-
ganic conversions.>

Based on the above considerations, in this study we tried
to synthesise Au/Pd alloy nanoparticles anchored on amine
(APTES) functionalised LDH/MCM-41 nanocomposite for a
photocatalytic one-pot imine synthesis through the coupled
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system of benzyl alcohol and nitrobenzene. The main advan-
tages of using MCM-41 in the present study are its large
mesopores which provide mass transfer and a very large sur-
face area that allows more active sites for reactions. The
Bronsted and Lewis basic sites in amine functionalized LDH/
MCM-41 help to facilitate the deprotonation of surface
adsorbed benzyl alcohol and precede the photocatalytic trans-
formation reaction. Using the functionalised APTES group as
a robust m-acidic monodentate nitrogen ligand for attaching
covalently with -OH groups of LDH and MCM-41 stabilizes
the Au/Pd alloy catalyst used in photocatalytic organic conver-
sions. The heterogenic charge distribution of Au/Pd alloyed
surface may improve interactions between reactant molecules
which results in a lowering of the activation energy of the re-
action and increases photocatalytic conversion.

Experimental section

Materials

Zn(NO;),-6H,0 (98%), Cr(NOs);-6H,O (99%), NaOH (97%),
Na,COj; (99.5%), cetyl trimethyl ammonium bromide (CTAB),
tetraethylorthosilicate (TEOS), NH,OH, HAuCl,, PdCl,, KCI,
NaBH,, benzyl alcohol, benzaldehyde, nitrobenzene, aniline,
N-benzylideneaniline (imine) and acetonitrile were purchased
from Sigma Aldrich, Acros Organics, Merck and HIMEDIA.
All of the reagents were of analytically pure grade and double
distilled water was used.

Synthesis of MCM-41

Briefly, CTAB (2.4 g) was dissolved in 120 mL of water at room
temperature. After obtaining a clear solution, 8 mL of NH; solu-
tion was added to it. Then, the silica source (TEOS, 10 mL) was
allowed to mix with the above solution under continuous stir-
ring. Immediately after hydrolysis, TEOS resulted a milky slurry
of white precipitate. The resultant precipitate was stirred for an-
other 3 h and then was allowed to dry at 80 °C overnight. To re-
move the surfactant, the collected white powder was calcined at

-1 28

550 °C for 5 h with a ramping rate of 5 °C min™".

Synthesis of ZnCr LDH-MCM-41 (LM)

The ZnCr LDH-MCM-41nanocomposite was fabricated by an in
situ coprecipitation process. Briefly, a desired amount of MCM-
41 was placed in 20 mL of water and dispersed for 30 min by
ultrasonication. A 200 mL solution containing Zn(NO;),-6H,0
and Cr(NO3);-6H,0 with a 2:1 molar ratio was slowly added to
the above dispersed solution. An alkali solution containing 1 M
Na,CO; and 1 M NaOH was added dropwise to the above sus-
pension maintaining pH of the solution at 8-9. In order to re-
move the extra dissolved ions, the obtained precipitate was fil-
tered and washed several times using distilled water. Then the
product was dried at 80 °C in an air oven. The ZnCr LDH-
MCM-41 nanocomposites were prepared by varying the weight
ratios between LDH to MCM-41 including 0.2:1 (L,,M), 0.33:1
(Lo33M) 0.5:1 (LosM) and 1:1 (LM). For a comparison study,
pure LDH was also prepared.

This journal is © The Royal Society of Chemistry 2019
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Synthesis of amine@ ZnCr LDH-MCM-41 (ALM)

To 1 g of ZnCr LDH-MCM-41 nanocomposite (Lo,M, L 33M,
LosM and LM) in 30 mL of toluene in a round-bottomed
flask, 0.6 mL of APTES (amine source) was added dropwise
into this suspension and refluxed for 8 h. Then, the resulting
suspension was collected by centrifugation with an ethanol-
water solution and dried at 35 °C for 12 h.*®

Synthesis of Au/Pd-amine@ ZnCr LDH-MCM-41 (ALM-Au/Pd)

After investigating the photocatalytic activity of all of the amine
functionalised material (ALy,M, AL, 33M, AL,sM and ALM),
ALM was selected to load with noble metal nanoparticles. The
ALM-Au/Pd catalyst was prepared by a reduction impregnation
method, with a 1:1 weight ratio of Au/Pd. Then, 1 gm of ALM
composite was sonicated for 30 min in 20 mL of deionised wa-
ter. To load 1 wt% of both Au and Pd nanoparticles, an esti-
mated amount of HAuCl,, PdCl, and KClI (2 equiv. with respect
to PdCl,,) aqueous solution was added to the above suspension
and stirred for 12 h. The solid was centrifuged, washed with
deionised water and collected for further use. Then, this
product was redispersed in 50 mL of a NaBH, solution with
continued stirring for another 2 h. Consequently, a dark gray
coloured mass was obtained, which then was filtered and
dried under vacuum. For a comparison study, monometal
(Au 1 wt%, Pd 1 wt%) loaded ALM nanocomposites and Au/
Pd loaded without amine functionalised LM nanocomposites
were prepared by following the above procedure and denoted
as ALM-Au, ALM-Pd and LM-Au/Pd respectively.*®

Formation mechanism of AuPd alloy on ALM composites

This synthesis procedure is illustrated in Scheme 1. As the
pore walls of MCM-41 are covered with residual surface silanol
groups and the brucite layers of LDH contain hydroxyl groups,
the LM composite can be functionalised with organic moieties
(APTES). During functionalisation a covalent bond [repre-
sented by an M-O-Si bond (M = Zn, Cr and Si)] was formed
through condensation of an APTES molecule and hydroxyl
group of the LM composite.*" After functionalisation, the or-
ganic amine groups present on the ALM surface facilitate the
metal ions to uniformly anchor and form noble metal-loaded
nanohybrids. Bimetallic colloids can readily synthesized by a
surfactant-free co-reduction method utilizing the reducing
agent NaBH,. Usually, the metal species having the higher re-
dox potential gets reduced first and then the second compo-
nent gets reduced.’> As the reduction potential of Pd>*
(PdCl,*/Pd° = 0.591 vs. SHE) is higher than Au** (HAuCl,/Au’
= 1.008 vs. SHE), reduction of HAuCl, occurs first and subse-
quently PdCl, is reduced by NaBH,. The AuCl,” with a nega-
tive charge can easily attach to the -NH, groups through a co-
ordinate bond. Then, Pd*" ions are supported on the Au
lattice to form an ALM-Au/Pd nanocomposite. Owing to the
chemical bonding between the Au’*/Pd** and -NH, groups,
most of the Au*" and Pd** are attached to the -NH, groups. Af-
ter the addition of NaBH, then Au®" and Pd>* were reduced to
metallic Au and Pd simultaneously. Owing to the whole
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Scheme 1 Formation mechanism of ALM-Au/Pd.

charge, moving from Pd to Au leads to the formation of an al-
loy between the Au and Pd metals. Upon alloying, Pd loses s,
p electrons and accepts d-electrons, whereas Au accepts s, p
electrons and loses d-electrons resulting in a coulombic at-
traction between them.** Basically, formation of an alloyed bi-
metallic nanoparticle (Au/Pd) is dependent on the following
points: (1) metal ions having approximately same redox poten-
tials, metals with comparatively high enthalpies of mixing and
nearer atomic sizes, (2) strength of bonding between the two
atoms must be strong, otherwise segregation occurs, (3) sur-
face energy is an important factor for the mixing of two hetero
atoms, (4) charge transfer between low to high electronegative
atoms facilitates the formation of an alloy.**

Materials characterization

Using a Rigaku Miniflex powder diffractometer equipped with
a Cu Ka radiation source (4 = 1.54 A), powder X-ray diffraction
(PXRD) of the materials was carried out. The instrument was
set at 15 mA with 30 kV and ran between the ranges of 5 to
70° at a scan rate of 2° min'. The Brunauer-Emmett-Teller
(BET) surface area was analysed by the multipoint N, adsorp-
tion-desorption technique using a NOVA3000 (Quantachrome
GmbH, Germany) instrument at a liquid N, temperature of 77
K. Prior to analysis, the sample was degassed for 2 h at 80 °C
under vacuum to remove physically adsorbed water. Applying
the Barrett-Joyner-Halenda (BJH) technique, pore size distri-
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bution and pore volumes were calculated. The stretching and
bending frequency modes of the materials were measured
with the help of Fourier-transform infrared spectroscopy
(JASCO FT/IR-4600) within the wavenumber range of 4000-400
em ™. A KBr matrix was used as the reference for measuring
all of the samples. X-ray photoelectron spectroscopy (XPS) was
carried out with a VG Microtech Multilab ESCA 3000 spectro-
meter. Mg Ko X-rays were used as a non-monochromatized
source. The C 1s spectra of the carbon atoms were taken as a
reference for binding energy corrections. A ZEISS SUPRA55
microscope was used to obtain scanning electron microscopy
(SEM) images. To determine the surface micrographs of sam-
ples, a high-resolution transmission electronic microscope
(HRTEM, JEM-2100F) was used at a 200 kV accelerating volt-
age. To prepare the specimens, the powder samples were dis-
persed in ethanol (3 min) and after that this suspension was
added dropwise to a carbon-coated copper grid. Optical absor-
bance was measured within the wavelengths of 200-800 nm
on an ultraviolet-visible diffuse reflectance spectrophotometer
(JASCO-V-750). A boric acid pellet was used as a reference sam-
ple. The photoluminescence (PL) behaviour of the samples
was characterised using a JASCO-FP-8300 fluorescence
spectrophotometer in which a xenon lamp was used as a light
source. The PL spectra were obtained at room temperature at
an excitation wavelength of 350 nm. Time-resolved photo-
luminescence (TRPL) spectra were measured using an Edin-
burgh Instruments FLS920 fluorescence spectrometer with a

This journal is © The Royal Society of Chemistry 2019
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multi-channel scaling (MCS) module equipped with a F290H
pulsed xenon microsecond flash lamp.

All photoelectrochemical measurements were made using
a potentiostat-galvanostatic (IVIUMnSTAT) electrochemical
workstation, equipped with a 300 wt xenon lamp as the visi-
ble light source. The whole system consists of three electrode
arrangements where the Pt Ag/AgCl electrodes and prepared
fluorine-doped tin oxide (FTO) were taken as the counter, ref-
erence and working electrodes, respectively. FTO was made
using an electrophoresis deposition method (20 mg of both
sample and iodine powder were dispersed in 40 mL of ace-
tone, then two FTOs were positioned within the solution op-
posite and facing parallel to each other). 0.1 M Na,SO, solu-
tion was used as the electrolyte solution. The Nyquist plot
was recorded at 3 x 10° Hz to 10" Hz at 0 bias under dark
conditions and under visible light illumination. Linear sweep
voltammetry (LSV) plots were recorded by applying a poten-
tial from 0-1.4 V at a scan rate of 20 mV s™* under light irra-
diation and dark conditions. The Mott-Schottky (MS) plot
was done at a frequency of 500 Hz and chronoamperometry
(CA) was performed at a potential of 0.8 V for 5 min.

Photocatalytic reaction

The photocatalytic activities of the as-synthesized catalysts were
examined by the selective one pot synthesis of imines through
photocatalytic oxidation and reduction of benzyl alcohol and ni-
trobenzene, respectively. The complete synthesis procedure was
implemented as follows: 0.05 g of material was added to 10 mL
of acetonitrile containing benzyl alcohol (3 mmol) and nitro-
benzene (1 mmol), and then mixture was illuminated under vis-
ible light in an irradiation chamber (BS-02, Germany) for 3 h.
Then, the mixed suspension was stirred vigorously for 30 min
in dark conditions before visible light irradiation to maintain
chemisorption equilibrium between the substrates and photo-
catalyst. A 250 W medium pressure Hg lamp was equipped as
the light source and a 1 M NaNO, solution used as cut-off filter
(A = 420 nm). The reaction temperature was adjusted to 35-40
°C by circulating cold water during the experiment. At the end
of the reaction, the solution mixture was centrifuged to remove
the sample particles. Then, this resultant reaction solution was
qualitatively analysed by gas chromatography (GC, Thermo sci-
entific Trace 1110) and quantitatively determined with a gas
chromatograph-mass spectrometer (GC-MS, Thermo Scientific
Trace 1300). The conversion rate of benzyl alcohol and nitro-
benzene, yield of benzaldehyde, imine, aniline and the reaction
selectivity were calculated using the following eqn (1)-(4).

Benzyl alcohol or nitrobenzene conversion (%)= (Cogclj %100
0

ey

Benzaldehyde or aniline yield(%) = [?] x100 (2)

0

This journal is © The Royal Society of Chemistry 2019

View Article Online

Paper

moles of imine compound

Imineyield = .
moles of initial nitrobenzene

jx 100 (3)

Benzaldehyde, aniline orimine selectivity(%) = l:(CCZC)} x100
0 ™
(4)

Here, C, is the initial concentration of reactants (benzyl al-
cohol and nitrobenzene), C; is the amount of benzyl alcohol
and nitrobenzene after photocatalytic reaction, whereas C, is
the concentration of generated benzaldehyde and aniline at
the end of reaction. Theoretically, the yield of imine is de-
cided by the amount of nitrobenzene used initially.

Results and discussion

PXRD analysis was performed to investigate the structural
properties, phase purity and crystalline characters of the
resulting composite materials in comparison to the parent
LDH. Fig. 1a shows the PXRD patterns of LDH, MCM-41 and
low angle PXRD pattern of MCM-41 (inserted). LDH clearly
exhibited the characteristic diffraction patterns at 26 values
of 11.5°, 23.43°, 34.3°, 38.8°, 47.3°, 59.6° and 61.1° corre-
sponding to the (003), (006), (012), (015), (018), (110) and
(113) basal planes, indicating the formation of crystalline
ZnCr LDH with a hydrotalcite-like structure matching JCPDS
(JCPDS: 41-1428).>® Bragg reflections show that LDH has Rym
rhombohedral symmetry with several contents of a Zn/Cr oc-
tahedral lattice. The basal spacing dyo; plane indexed as car-
bonate intercalated LDH close to its value of 0.77 nm. From
contributions of the diffraction planes (110) and (003), the
lattice parameters a = 2d;4o and ¢ = 3d,o; were determined.
The PXRD patterns of MCM-41 (low angle inserted) showed
three distinct peaks: a (100) diffraction plane indicating the
typical mesoporous structure and other two characteristic
reflections (110) and (200) having less intense peaks
representing the hexagonal periodic long range order lattice
of MCM-41.%" A broad peak at 26 of 23.0° in the high angle
diffraction of MCM-41 explained the amorphous framework
of MCM-41. After the composite formation between LDH and
MCM-41, the intensity of all the peaks of LDH drastically de-
creased (Fig. 1b). In particular, the dy,; Bragg's plane of LDH
became less intense and broad suggesting a negative influ-
ence of MCM-41 on the crystallinity of LDH which results in
stacking defects and imperfections in the ab plane along with
the c-axis of LDH. MCM-41 had a more pronounced effect
controlling the LDH crystal growth direction, which reveals
poor crystallinity.*® After amine functionalisation, the same
PXRD patterns were maintained, indicating a well ordered
structural arrangement. Due to the low loading of Au and Pd
nanoparticles with good dispersion on the support, the char-
acteristic diffraction patterns of Au and Pd are not promi-
nent. Moreover, the overlapping of diffraction patterns of
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Fig. 1 PXRD patterns of LDH and MCM-41 (a), ALM, ALM-Au, ALM-Pd and ALM-Au/Pd (b), N, adsorption-desorption isotherms (c) and pore size

distributions (d) of LDH (inserted), LM ALM and ALM-Au/Pd.

neat LDH and noble metal nanoparticles in the cases of
ALM-Au and ALM-Pd results in the appearance of a broad
intense peak at around the 26 value of 38-40°. Upon
deconvolution, the presence of two diffraction patterns con-
firmed the loading of Au and Pd on the ALM support. The
inserted PXRD image in Fig. 1b shows two peaks at 38° and
at 40° representing the (111) basal planes of Au and Pd nano-
particles, respectively. However, upon loading bimetallic Au/
Pd nanoparticles, a weak broad diffraction peak between a 26
of 38° to 40° was observed. Although these two peaks in the
case of monometallic ALM are very broad, the peak position
in the case of bimetallic alloyed nanoparticles clearly indi-
cated an intermediate scattering angle (the (111) basal planes
of ALM-Au, ALM-Pd and ALM-Au/Pd are deconvoluted and
inserted in Fig. 1b). In addition, a slight shift in the diffrac-
tion peaks of the bimetallic nanoparticles was observed from
ALM-Au to ALM-Pd. This confirmed the formation of Au-Pd
alloy nanoparticles in the ALM-Au/Pd nanocomposite rather
than a simple mixture of bi-metal nanoparticles. The Pd
nanoparticles entered into the crystal lattice of Au nano-
particles resulting in the formation of alloyed nanoparticles
due to a slight mismatch in their structures. The Au lattice
has a tendency to capture the Pd lattice, revealing the close
interaction between them which also helped to produce the

Catal Sci. Technol.

Au/Pd alloy.***® Mean crystallite sizes of noble metal nano-
particles were calculated using the Scherrer formula by con-
sidering the (111) peak of ALM-Au, ALM-Pd and ALM-Au/Pd
nanocomposites with the help of full width at half maximum.
The crystallite sizes of Au, Pd and Au/Pd alloy nanoparticles
were found to be 3.0, 1.97 and 2.1 nm, respectively. The de-
crease in the crystallite size of the bimetallic alloyed nano-
particles in comparison to monometallic Au may be due to a
difference in the velocity of growth of the individual mono-
metallic nanoparticles. As the ionization potential of Pd
nanoparticles (8.33 eV) is lower than the ionization potential
of Au nanoparticles (9.22 eV), incorporation of Pd inhibits
the growth of bimetallic alloyed nanoparticles.”' The PXRD
results demonstrated the successful creation of Au/Pd alloy
nanoparticles on the surface of an ALM nanocomposite,
which produced a better photocatalyst for organic transfor-
mation reactions.

The N, adsorption-desorption technique is a common
method to determine the mesoporous behaviour and textural
properties of catalysts. This study provided information about
the approximate pore diameters, specific surface areas, and
pore volumes etc. Fig. 1c and d show the N, isotherm and pore
size distribution plots of LDH (inserted) LM, ALM and ALM-
Au/Pd. Table 1 summarises the textural specifications of the
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Table 1 Textural properties of MCM-41, LDH, LM, ALM and ALM-Au/Pd

Specific surface area Pore size Pore volume
Samples (m>¢™) (nm) (em® g™
MCM-41 878 3.4 0.65
LDH 28.7 1.64 0.04
LM 305.7 4.59 0.35
ALM 136.7 4.31 0.20
ALM-AuPd 124.4 4.7 0.12

samples obtained from N, adsorption/desorption isotherms
analysis. By using BET and BJH methods specific surface areas
and pore sizes of materials were calculated. According to the
IUPAC classification, the shape of all the graphs suggests a
type IV isotherm which confirms the mesoporous nature of
the materials. During N, adsorption-desorption, a narrow hys-
teresis loop (type H3) at a relative vapour pressure range from
0.4-1 was obtained.”” This confirmed presence of aggregated
plate-like mesoporous material, giving rise to irregular pores
with non-uniform sizes. Maximum adsorption was observed at
a relative pressure of P/P° = 1. According to our previous litera-
ture, the obtained specific surface area and pore size of MCM-
41 were found to be 878 m* g™* and 3.4 nm, respectively.®” As
shown in Table 1, neat LDH showed a surface area of 28.7
m? g™, The pore size distributions were relatively narrow and
found to be 1.64 nm. After modifying LDH with MCM-41, the
surface area (305.7 m> g') was drastically decreased more
than MCM-41 but significantly increased from that of the LDH
material; this information suggests that the active sites of LDH
were uniformly distributed over the MCM-41 support and will
behave as a good base catalyst. The homologous structure of
LM was due to the uniform nucleation and growth in an end-
facing way.*® After the functionalisation of APTES on the sur-
face of LM, the surface area also remarkably decreased. This
reason was associated with the bonding of organic moiety
APTES groups with Si-OH and Zn/Cr-OH in the framework of
ALM sample, which revealed the surface coverage of the parent
material.** Additionally, the introduction of Au/Pd alloy to the
ALM surface resulted to some extent of pore blocking and de-
creased the surface area and pore volume also but there was
an increase in number of active sites, which is beneficial for
photocatalytic activity. The pore size distribution of all sam-
ples was calculated to be 3-7 nm, which suggests that all the
parent and nanocomposites were in the mesoporous range.
The surface micrographs of ALM-Au/Pd were investigated
by SEM analysis. Fig. S11 depicts the image of LDH, ALM
and ALM-Au/Pd nanocomposites. Pure LDH appeared as a
large assemblage of flaky-sheet-array laying on top of one
another owing to hydrotalcite compounds prepared by a
co-precipitation method.>®** As shown in Fig. S2b, after
functionalisation of ALM by an organic moiety followed by
heterostructure formation between MCM-41 and LDH, it
displayed irregular shapes with loosely agglomerated parti-
cles. However, the immobilisation of noble metal particles on
the surface of ALM is not prominent owing to the uniform
anchored and small particle sizes of metal particles. Incorpo-
ration of the Au/Pd alloy onto ALM keeps the structure intact.
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The actual microstructure, particle sizes and nature of dis-
tribution of bimetallic alloyed nanoparticles was further in-
vestigated by TEM and HRTEM analysis of representative
LDH, ALM and ALM-Au/Pd samples. From the TEM image
shown in Fig. 2a, LDHs are found to be composed of crystal-
lites with typical plate-like morphology having irregular hex-
agonal shapes and the particle sizes within a nanometric
range.’® The TEM image of an ALM nanocomposite (Fig. 2b)
clearly suggests the mesoporous morphology in which a good
interaction exists between LDH and the framework of MCM-
41 in consistence with the FTIR and N, adsorption-desorp-
tion study. It can be found that large quantities of small
spherical bimetallic alloyed Au/Pd nanoparticles were greatly
dispersed and embedded on the ALM support in a highly
homogeneous manner. The corresponding particle size distri-
bution in ALM-Au/Pd was calculated by measuring more
than 200 particles from different regions. The size distribu-
tion was narrow, with an average particle size found to be
about 2.5-3.5 nm (Fig. 2c¢ and d). ALM-Au/Pd images indicate
Au/Pd alloy nanostructures were encapsulated by the meso-
channels of ALM nanocomposites. High-resolution TEM
(HRTEM) is essential for metal nanoparticles to determine
not only the shapes and particle sizes but also to give infor-
mation about crystallographic phases. Moreover, when Au/Pd
bimetallic nanoparticles become alloyed at any molar ratio, a
face centered cubic (fcc) lattice structure arose.*” Further, the
HRTEM image (Fig. 2e) of a single alloyed NP resulted in lat-
tice fringes with an intermediate interplanar basal spacing of
about 0.230 nm, which is slightly lower than the lattice spac-
ing of metallic Au (d;;; = 0.235 nm) but higher than the me-
tallic Pd lattice spacing (d;1; = 0.225 nm). This change in
interplanar lattice spacing value may result in both geometric
and electronic effects, which in turn modulate the chemical
and catalytic properties of the nanocomposite showing en-
hanced activity. These observations clearly confirm the for-
mation of bimetallic alloyed Au/Pd nanoparticles and segre-
gated monometallic nanoparticles with the preferentially
exposed (111) plane.*>*® In addition, the crystal lattice spac-
ing of 0.15 and 0.33 nm fringe corresponding to the (113)
and (006) planes of LDH was observed near to Au/Pd alloy
nanoparticles. The polycrystalline nature of a ALM-Au/Pd
sample was confirmed by a selected-area electron diffraction
(SAED) pattern (Fig. 2f). The rings are related to (006) and
(110) planes of LDH with the (111) plane for the Au/Pd alloy
nanoparticles in accordance with the PXRD results. Energy-
dispersive X-ray (EDX) spectroscopy is one of the most useful
methods for evaluating the constitution of bimetallic nano-
particles and to observe the local metal compositions and
distribution of other elements. Fig. 2g represents the homo-
geneous dispersion of all of the elements in the ALM-Au/Pd
materials.

FTIR spectra were measured to assure the existence of
bonding and the influence of functional groups in the as
synthesized material. Fig. 3 shows the FTIR spectra of the
LDH, LM, ALM, ALM-Au, ALM-Pd and ALM-Au/Pd nano-
composites. A broad spectrum was recorded over 3300-3600
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Fig. 2 TEM images of (a) LDH, (b) ALM, (c) and (d) ALM-Au/Pd. HRTEM images of (e) lattice fringes, (f) SAED pattern and (g) EDS over ALM-Au/Pd.

cm™" in the case of all samples due to the stretching vibration
of the -NH, group (APTES molecule), which overlapped with
the surface hydroxyl groups, intercalated water molecule of
LDH and also the hydroxyl group of MCM-41.>*” The broad-
ness of the peak illustrates H-bonding in a large range of vi-
brational frequencies. After the composite formation between
LDH and MCM-41, the broadness of -NH, and -OH
stretching slightly decreased due to the strong interaction be-
tween APTES, LDH and MCM-41. All materials showed a
weak band at 1630-1650 cm ™" for the H-O-H bending vibra-
tion of the water molecules. Whereas the symmetric and
asymmetric stretching mode of carbonate anions in the inter
gallery space appeared at 1493 cm™ and 1370 cm™", respec-
tively, in the case of LDH.*® After composite formation, the
width of the carbonate stretching vibration mode suddenly
decreased because MCM-41 greatly affects the intercalated

Catal Sci. Technol.

carbonate ion which is consistent with XRD results. All the
LDH based composites except MCM-41 showed a series of
bands in the low frequency region due to lattice vibration
and deformation modes of Zn/Cr-OH (660 cm ) and Zn-O-
Cr (585, 500 cm™) bonds. A characteristic band at 1033-1245
ecm™ due to the Si-O stretching vibration of the Si-O-Si
structure was present in the spectra of MCM-41 and all of the
composites (except LDH). The existence of peaks at 966 and
790 em™* can be attributed to Si-Zn/Cr-O-Si and Si-Zn/Cr-
OH vibration bands, respectively, revealing the formation of a
composite between LDH and MCM-41."” The presence of
N-H bending (750 em™), -NH, symmetric (1532 cm™) and
-CH, group asymmetric vibration (2940 cm™) of the propyl
chain in APTES in the case of all composite materials (ALM,
ALM-Au, ALM-Pd and ALM-Au/Pd) confirms favourable
grafting of an organic moiety on the surface of ALM.*® Even

This journal is © The Royal Society of Chemistry 2019


http://dx.doi.org/10.1039/c8cy02603c

Published on 24 April 2019. Downloaded by Auburn University on 4/24/2019 2:23:04 PM.

Catalysis Science & Technology

~_ SiZn/Cr-OH
H-O-H bending Si-O-Si,

) str (966, 790
(1630), (1396) Si-OH

(1033-1245),

e

O-H str, NH, str
(3000-3600)

‘a/Cr-O-H Zn-O-Cr str

str (660)  (585), (500)
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'1 )

Fig. 3 FTIR spectra of (a) LDH, (b) LM, (c) ALM, (d) ALM-Pd, (e) ALM-
Au, (f) ALM-Au/Pd and (g) MCM-41.
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after amine functionalization and coupling with MCM-41, the
corresponding vibration modes were maintained, confirming
good coordination between LDH and MCM-41. After loading
of noble metal nanoparticles there was no distinct variation,
indicating that Au/Pd nanoparticle deposition did not alter
the structure of ALM. All observed bands became sharper
and clearer after loading metal nanoparticles, which was in
good agreement with the PXRD analysis.

XPS is a surface responsive technique that not only gives
information about the atomic composition on the surface of
a catalyst but also the oxidation states regarding the binding
energy of the inner shell electrons. Detailed information with
respect to the bonding nature of atoms in the ALM-Au/Pd
monohybrids in comparison to its pristine LDH counterpart
was measured by deconvoluting XPS peaks of each element
using the CASA XPS software. In the case of pure LDH, the
Zn 2p and Cr 2p core lines split into four peaks of Zn 2p 3,
(1022.0 eV), Zn 2p;,, (1045.0 €V), Cr 2p,, (577.7 eV) and Cr
2p1s> (587.1 eV) shown in Fig. 4a and b, suggesting the exis-
tence of Zn(OH), and Cr(OH); in the positive spectra of
LDH.” Whereas, the peaks of Zn 2p and Cr 2p in the case of
the ALM-Au/Pd nanocomposite appeared at slightly higher
binding energy (Zn 2p 3/,-1022.4 eV, Zn 2p,,,-1045.5 eV, Cr
2ps/2-578.1 eV and Cr 2p,/,-587.6 eV) compared to pristine
LDH. Additionally, the spin-orbit state of Si 2p in neat SiO,
was observed at a binding energy of 103.2-103.7 eV,
suggesting the +4 oxidation state of Si.”° But in the present
study, after composite formation with LDH and being loaded
with Au/Pd alloy nanoparticles (ALM-Au/Pd), the binding en-
ergy of Si 2p was also shifted to a higher value of 103.8 eV in
comparison to the reported value shown in Fig. 4e. The posi-
tive shifting in binding energies suggests reduction in the
electron density around Zn, Cr, and Si in the ALM-Au/Pd due
to transfer of electrons from ALM to Au/Pd alloy. As depicted
in Fig. 4d, the XPS spectrum of C 1s in pure LDH showed two
peaks at a binding energy of 284.9 and 288.8 eV attributed to
reference carbon and carbonate anions present in the inter
gallery space of the LDH structures, respectively, but in the

This journal is © The Royal Society of Chemistry 2019
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case of ALM-Au/Pd, three peaks from C 1s spectra were ob-
served at binding energies of 284.9 eV, 286.5 eV and 291.5 eV
for reference carbon, C-N bonding and inter gallery carbon-
ate anions, respectively. The blue shift in the binding energy
of the C 1s peak corresponding to C-N bonding and carbon-
ate anions suggests a strong interaction exists between LDH
and MCM-41. This C-N bonding peak indicates successful
grafting of the APTES group on the LM surface.”® As shown
in Fig. 4c, the core level peaks of the O 1s spectra in
neat LDH and ALM-Au/Pd were deconvoluted. Upon
deconvolution, two peaks corresponding to binding energies
of 531.5 and 532.2 eV were obtained due to the hydroxide
group of the brucite layer and intercalated carbonate anions
in LDH, respectively.”® After functionalisation of LM with
APTES, the O 1s spectrum corresponding to a hydroxide
group was shifted towards positive binding energy (531.9
eV).>*> The increased binding energy illustrates a strong cou-
pling of a covalent bond between -OH groups of ALM and
the -OC,H; group of APTES. Fig. 4f shows the N 1s spectrum
of ALM-Au/Pd sample. Splitting of the N 1s spectrum into
amino (-NH,) and ammonium (-NH;") groups appeared at
binding energies of 399.9 eV and 401.3 eV, respectively.>® The
presence of a shoulder peak from ammonium groups indi-
cates the decrease of electron cloud density over the N atom,
suggesting a chemical bond was established between Au/Pd
alloy and the N atom. The amino groups have the capability
to donate electrons into the transition metal owing to its
electron pairs on the N atom and in other ways the Au/Pd al-
loy has an empty energy orbit for accepting electrons from
the N atom, which results a strong coordinative bond forma-
tion between the N atom and Au/Pd alloy.>

The Au 4f and Pd 3d core level spectra in the ALM-Au/Pd
samples are shown in Fig. 4g and h. Four strong peaks of Au
4f (af,, and 4f;,) and Pd 3d (3ds, and 3d;/,) appeared at
binding energies of 83.88 eV, 87.49 eV, 335.36 eV and 340.64
eV, respectively, in the case of the single metal loaded LDH
composite.”>>* In contrast, after the formation of an alloy be-
tween Au and Pd in the ALM-Au/Pd nanocomposite, the
binding energy of Au 4f shifted towards negative values (4f;,-
83.7 eV and 4f;/,-87.4 eV) whereas the spectrum of Pd 3d
shifted to a higher binding energy (3ds/,-335.7 eV and 3d;,-
341.5 eV) relative to the monometallic reported value. This
peak sifting indicates a close electronic interaction between
Au and Pd in the created alloyed nanoparticles. In other
words, the electron mobility takes place from the smaller
electronegativity of Pd (2.2) to the larger electronegativity of
Au (2.4).** That was also satisfied for formation of the Au/Pd
alloy structure. Consequently, the electron cloud around the
Au nucleus increases while the electron concentration de-
creases around the Pd nucleus.*® The greater electron density
leads to an increase of the screening effect of Au nano-
particles and a resulting negative shift in binding energy. A
survey scan of the XPS spectra is shown in Fig. 4i. From the
XPS results, it can be conclusively said that the lower binding
energy of the Au/Pd alloy and higher binding energy of Zn,
Cr, and Si suggests an efficient composite formation between

Catal Sci. Technol.


http://dx.doi.org/10.1039/c8cy02603c

Published on 24 April 2019. Downloaded by Auburn University on 4/24/2019 2:23:04 PM.

View Article Online

Paper Catalysis Science & Technology
Zn 2, Cr2p
(a) P opay  ALM-AWP (b) (C)
& 1022.4
i
i
) 1 10455
i3 2p 112
i A
; 2 7
g g
] 5 8 y:
= § g 8 S
E El 5
o < s
EX: - z
2 B @
2 LDH e 5
2 [
£ %/1022'0 é £
1045.0 A
ﬁér >,
A e )
8
& g ¥ h)
VA . <
T T T T
T T T T T T T
1020 1030 1040 1050 575 580 585 590 530 Bi:(?:a En 53(:\,) 536
Binding Energy (eV) Binding Energy (eV) g Energy
(d) c1s ALM-Au/Pd (e) Si2p ALM-Au/Pd (g) Au4f ALM-Au/Pd
x 103.8
’,&(284.9 P
3 3
A s
g N 5
s kY s
£ f;% £
Vgl
3
s T T v T T T T T T
. 100 102 104 106 108 80 82 84 86 88 90 92
? 28? LDH Binding energy (eV) Binding Energy (eV)
o 2
b Nis ALM-Au/Pd Pd 3d ALM-AwPd
£ ® (h)
& -
= 8
=
= s
= =
280 282 284 286 288 290 292 294 29 y : . y ; ; y : y
396 398 400 402 404 406 330 : 33_ 340 345
Binding Energy (eV) Binding Energy (e V) Binding Energy (eV)
. ALM-Au/Pd
(i)
L] o
2 o~
=
N
3
s
2 &
2 S
D
=

Fig. 4 High resolution deconvoluted XPS spectra
and (i) survey spectra.

Catal Sci. Technol.

600 800 1000 1200
Binding Energy (eV)
of LDH and ALM-Au/Pd (a) Zn 2p, (b) Cr 2p, (c) O 1s, (d) C 1s, (e) Si 2p, (f) N1s, (g) Au 4f, (h) Pd 3d

This journal is © The Royal Society of Chemistry 2019


http://dx.doi.org/10.1039/c8cy02603c

Published on 24 April 2019. Downloaded by Auburn University on 4/24/2019 2:23:04 PM.

Catalysis Science & Technology

ALM and Au/Pd alloy nanoparticles in which the charge
heterogeneity on the alloy's surface enhanced the photocata-
Iytic organic conversion process.

The opto-electronic behaviours of the as prepared samples
were analysed by UV-visible absorption spectrum and repre-
sented in Fig. 5. It was seen that, after the formation of ALM
and after loading noble metal nanoparticles, the absorption
edge shifted towards a longer wavelength, indicating en-
hanced light absorption and consequently improved photo-
catalytic activity in the visible region. The absorption edge of
LDH gradually increased towards higher wavelengths with
loading of monometallic noble metal nanoparticles to bime-
tallic alloyed noble metal nanoparticles. Neat LDH showed
an intrinsic optical band was located in the UV zone owing to
the ligand-metal charge transfer spectra (LMCT) taking place
from the transition from the O 2p orbital to Zn 4s and Cr 3d
orbitals. Other absorption bands in the 270-320 nm regions
were due to ligand to metal charge transfer (LMCT) from the
O-2p orbital to the Zn-4s and Cr-3deg orbital. In the visible
light region, the absorption peaks at 413 and 570 nm are at-
tributed to the 4A2g — 4T1g(F) and 4A2g — 4T2g(F) d-d tran-
sitions of the Cr*" ions, respectively.”® After loading of Au
nanoparticles, ALM-Au should show a LSPR peak around 520
nm, however, in this case a broad absorption peak appeared
as the LSPR peak overlapped with the MMCT band of ALM.
Moreover, upon loading Pd nanoparticles the LSPR band of
the Au nanoparticles changed and a broad weak characteris-
tic peak was observed at about 520-570 nm (ALM-Au/Pd).*?
The combination of Au atoms with Pd atoms resulted in a
change in the colour of the sample from purple to gray. It
has been reported that incorporation of Pd into the crystal
lattice of Au changes the crystal structure of Au; this phenom-
enon was based on previous observations, that the presence
of a metal atom (group 10) with d®s” configuration in bime-
tallic alloyed nanoparticles suppresses the LSPR energy of a
metal atom (group 10) with d'’s> configuration.*" The band-
gap energy of LDH can be calculated by fitting the absorption
data with the Kubelka-Munk equation and Tauc's plot (Fig.

Absorbance (a.u.)

200 400 600 800
Wavelength (nm)

Fig. 5 UV-vis diffuse reflectance spectra of (a) LDH, (b) ALM, (c) ALM-
Au, (d) ALM-Pd and (e) ALM-Au/Pd.
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S2t1). The neat LDH displayed directly allowed transitions
and band-gap energy values found to be 2.5. This band gap
of LDH indicates ability of harvesting visible light photons.>®

Photocatalytic activity towards the one-pot synthesis of imine
from benzyl alcohol and nitrobenzene

First, the photocatalytic activities of the amine functionalised
materials (AL ,M, AL, 33M, AL, sM and ALM) were completed
for selective photoconversion of benzyl alcohol to benzalde-
hyde under visible light irradiation (1 > 420 nm) (Table S17).
ALM (weight ratio between LDH to MCM-41 is 1:1) showed
better conversion efficiency of benzyl alcohol (48.7%) with
higher yield (46%) and selectivity (88%) compared to other
materials due to the higher concentration of LDH which
makes available a large number of active sites for a photo-
catalytic reaction. To again improve the photocatalytic or-
ganic conversion of ALM photocatalysts, mono metal (Au, Pd)
and bimetal (Au/Pd), nanoparticles were loaded into it.
Fig. 6a represents benzyl alcohol conversion, yield and selec-
tivity towards benzaldehyde over all the prepared samples
(MCM-41, LDH, ALM, ALM-Au, ALM-Pd and ALM-Au/Pd). It
was clearly seen that the rate of conversion and yield in-
creased from MCM-41 to the ALM-Au/Pd nanocomposite. For
pure MCM-41, a low rate of conversion (10.3%) and yield
(8%) was achieved. The conversion and yield were found to
be 42% and 40%, respectively, in the case of pure LDH. After
functionalisation of APTES on the LM composite, the yield
and conversion increased to 46% and 48.7%, respectively.
Furthermore, noble metal loading enhanced the photo-
conversion ability of LDH. The ALM-Pd (66% yield) and
ALM-Au (76.2% yield) showed conversions of 68.9% and
81%, respectively. The loading of bimetal significantly in-
creased the conversion and yield over individual monometal
nanocomposites and parent catalysts. ALM-Au/Pd showed
the highest conversion (92%) and yield (90%) of benzyl alco-
hol to benzaldehyde. The selectivity of the oxidative product
over all catalysts (except MCM-41) was higher than 85%.

A tandem photocatalytic reaction was carried out for the
synthesis of imine from benzyl alcohol and nitrobenzene con-
version over all samples under visible light illumination (1 >
420 nm). As shown in Fig. 6b, pure MCM-41 showed a negli-
gible yield of imine (3.9%) with less conversion of benzyl al-
cohol and nitrobenzene than all other catalysts owing to its
non- sensitive light response.>” In bare LDH, the yields of im-
ine were very low (22%), the benzyl alcohol (48%) and nitro-
benzene (53.1%) conversions were also insignificant which
suggests that LDH is a less active material for imine synthesis
due to its low capacity of photoinduced charge pair separa-
tion. Reactants and intermediates formed during the conden-
sation may also block the active sites of LDH. The ALM nano-
composite converted almost half of benzyl alcohol (56.3%)
and nitrobenzene (62.8%), but their imine yield was only
31%. This indicates condensation of benzaldehyde with ani-
line did not occur efficiently on the ALM surface. The imine
yield over all catalysts is depicted in the following sequence:

Catal Sci. Technol.
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Fig. 6 (a) Photocatalytic benzyl alcohol oxidation of as prepared catalysts [(a) MCM-41 (b) LDH (c) ALM (d) ALM-Pd (e) ALM-Au and (f) ALM-Au/
Pd], (b) photocatalytic one-pot imine synthesis from benzyl alcohol and nitrobenzene [(a) MCM-41, (b) LDH, (c) ALM, (d) ALM-Pd (e) ALM-Au, and
(f) ALM-Au/Pd]. Time-dependent changes in the reactant and product amounts during the photoconversion of benzyl alcohol and nitrobenzene

with (c) LDH and (d) ALM-Au/Pd.

MCM-41 (3.9%) < LDH (22%) < ALM (31%) < ALM-Pd
(47.6%) < ALM-Au (51.3%) < ALM-Au/Pd (68%). The intro-
duction of noble metal onto the ALM surface enhanced the
photoconversion activity. The plasmonic metal nano-
particles possesses a LSPR effect and efficiently harvest
photon energy owing to its intense and broad absorption
spectra over the whole visible spectrum. The sample ALM-
Au/Pd nanocomposite promoted complete reaction of nitro-
benzene (99%) and benzyl alcohol (96%) with a very high
yield and selectivity of imine than the monometal compos-
ite. Upon alloy formation between Au and Pd, the charge
distribution that takes place between these two metal leads
to development of a surface electronic heterogeneity which
enhances the interaction between organic substrates and
the alloy's surface.”® This facilitates more active sites for an
improved photocatalytic organic conversion reaction. The
synergetic interaction between Au/Pd alloy nanostructure
and ALM nanocomposite enhances the production of imine
which proceeds energetically by the successive coupling of
the photo-produced benzaldehyde and aniline on the ALM-
Au/Pd surface. Fig. 6a, b and Table S2f represent the con-
versions, yields and selectivities of all reactants and prod-
ucts from all samples. To get more information about im-
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ine synthesis, the reaction also was carried out under dark
conditions. As shown in Fig. S3,f a negligible amount of
yield (imine) was obtained from all the catalysts. This indi-
cates that the one-pot condensation reaction of benzyl alco-
hol and nitrobenzene over the ALM-Au/Pd was a photocata-
lytic process.

Fig. 6b and c¢ summarize the time-dependent changes in
the amounts of reactants and products during the photocata-
Iytic one-pot condensation reaction with LDH and ALM-Au/
Pd. In the first stage, benzaldehyde and aniline were
obtained, along with reduction in the concentrations of ben-
zyl alcohol and nitrobenzene. With an increase in the light il-
lumination time, the amount of aniline gradually increased
up to 1 h. After 1 h, the imine formation improved while re-
ducing the aniline quantity. Subsequently after 3 h of light ir-
radiation, approximately a maximum amount of nitroben-
zene (99%) was converted to imine (68%), with the
generation of benzaldehyde. This is fully in agreement with
the following eqn (8)-(12). The photocatalytic one-pot synthe-
sis of imines is quite impressive over an ALM-Au/Pd nano-
composite. In less time, a high yield of imine was obtained
compared to other semiconductor-based photocatalysts, as
documented in Table 2.
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Table 2 Photocatalytic one-pot imine synthesis over different catalysts
Yield of product

Photocatalysts Substrates (imine) Reaction conditions Ref.

CdS(15%)-TiO, Benzyl alcohol (150 pmol), >99% Catalyst (10 mg), solvent (hexane 5.0 mL), blue LED light, 57
nitrobenzene (50 pmol) (4 > 420 nm) at room temperature, N,, time: 12 h

P25 TiO, Benzyl alcohol (5 mL), 92% Catalyst (5 mg), 2 kW Xe lamp (1 > 300 nm), at room 7
nitrobenzene (0.05 mmol) temperature, N,, time: 10 h

Pt(0.3)@TiO, Benzyl alcohol (5 mL), aniline 97% Catalyst (5 mg), light (4 > 300 nm), at room temperature, 58
(10 mmol) N,, time: 12 h

Cdy.78Z1 228 Benzyl alcohol (2.55 mol L), 36.8% Catalyst (80 mg) solvent (BTF, 15 mL), 300 wt xenon lamp 35
nitrobenzene (8.5 mol L") (A > 420 nm), at 50 °C, N,, time: 2 h

ALM-Au/Pd Benzyl alcohol (3 mmol), 68% Catalyst (50 mg) solvent (acetonitrile, 10 mL), 250 wt medium

(present research) nitrobenzene (1 mmol)

Evidence in support of a mechanistic approach for enhanced
photocatalytic organic conversion over the ALM-Au/Pd
nanocomposite

PL spectroscopy is a powerful and non-destructive technique
for elucidating the radiative recombination of charge carriers
and characterising the quality of semiconducting materials.
The PL emission peak is useful for quantifying the impurity
content of a material, optical emission efficiencies, composi-
tion of the material (alloy composition), and gives an idea
about localized defect levels generated in a semiconducting
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pressure Hg lamp (2 = 420 nm), time: 3 h

material. Fig. 7a represents (LDH was inserted) the PL emis-
sion spectra of all synthesized materials under an excitation
wave length of 350 nm. A strong emission peak at 430-450
nm was observed from the radiative recombination of local-
ized surface trapped charge pairs of LDH. The presence of a
weak band at 470 nm corresponds to the band-to-band emis-
sion peak of LDH. Moreover, the less intense peaks at about
500 nm may be due to surface defect sites in the material.>®
There is a drastic decrease in PL intensity in the case of the
bimetallic alloyed ALM composite in comparison to neat
LDH, ALM and monometallic composites indicating a
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(a) PL spectra of all samples (excludes MCM-41), (b) TRPL spectra of LDH, ALM and ALM-Au/Pd and (c and d) EIS spectra of LDH, ALM,

ALM-Pd, ALM-Au and ALM-Au/Pd under dark and light irradiation conditions.
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significant depression of electron-hole recombination. Gener-
ally, a reduced PL intensity usually suggests a better separa-
tion and transportation efficiency of photoinduced charge car-
riers. The Au/Pd alloy heterostructure on the ALM surface
successfully inhibits the recombination rate of photoinduced
charge pairs of LDH by the effect of efficient charge migration
which is in good agreement with the photocatalytic activity.
Furthermore, in contrast to the Au/Pd loaded without amine
functionalised LM nanocomposite (LM-Au/Pd), a reduced PL
intensity is also observed for the ALM-Au/Pd photocatalyst in-
dicating the separation and transfer of charge carriers
through interfaces formed by chemical bonding between ALM
and Au/Pd alloy nanoparticles was more proficient. It was ob-
served that after functionalisation, the APTES group in spite
of hindering the electron-hole separation process in ALM-Au/
Pd photocatalyst, favoured good dispersion of Au/Pd alloy
nanoparticles on the ALM's surface and provided a good num-
ber of active sites for photo catalytic reactions.

Furthermore, to explain the possible charge transfer dy-
namics, a TRPL study of the samples (LDH, ALM and ALM-
Au/Pd) was carried out, as displayed in Fig. 8b. TRPL spectro-
scopy helps to describe the increase in the lifetimes of the
charge carriers in a ALM-Au/Pd nanocomposite and decay
times of the pure LDH and ALM samples. The different charge
pair recombination mechanisms are a function of different PL
decay lifetimes of the photocatalysts. The TRPL of the samples
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was carried out at an excitation wavelength of 350 nm. The
depicted plots were fitted with bi-exponential decay functions
as expressed by the following equation (eqn (5)):>°

1(t)=de-L+ de- (5)

t
133
where 7; and 7, (1; < 1) are represented by two decay lifetimes
of faster and slower components, respectively, and the corre-
sponding A; and A, are the PL amplitudes. The 7; originates
due to direct generation of charge pairs and 7, initiates from
the direct formation of self-quenched excitation electrons. The
average intensity lifetimes of both materials were estimated by
making an overall comparison of the emission decay behav-
iour. The average lifetime (r) was determined from the follow-
ing equation (eqn (6)):

oA+ A (6)
At + Ay,

The bi-exponential decay kinetics are associated with
defect level emission from a charge pair recombination of
localized excitation. The calculated average life times of LDH
(10.6 ps), ALM (14.6 ps) and ALM-Au/Pd (16.2 pus) are shown
in Table 3. An increased average life time in the case of the
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Fig. 8 (a) MS plot of LDH and ALM-Au/Pd, (b) LSV curves of all of the photocatalysts under light illumination and (c) dark conditions.
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Table 3 Photoinduced charge lifetimes of LDH, ALM and ALM-Au/Pd
materials

Catalysts Ay (%) 71 (us) Ay (%) 7, (us) 7 (us)
LDH 10.09 1.20 89.90 10.69 10.6
ALM 8.71 1.4 91.28 14.66 14.6
ALM-Au/Pd 8.46 1.51 91.53 16.32 16.20

ALM-Au/Pd nanocomposite suggests efficient transfer of a
photo excited electron-hole between Au/Pd alloys to ALM
with decreasing radiative recombination. This indicates a re-
duction in the recombination probability of localised excita-
tion and subsequently a larger number of photo induced
electrons and holes are made available to participate in
photocatalytic organic conversion reactions.

Further to explore the electrode/electrolyte reaction kinet-
ics and the interfacial charge transfer process, EIS of all of
the synthesised catalysts was carried out both under dark
and light conditions. In the photocatalytic process, the inter-
facial charge separation ability of the photoinduced charge
carriers is an important factor and it can be measured by an
EIS Nyquist plot. The resulting Nyquist plots as displayed in
Fig. 7c and d were found to consist of a primary semi-circular
portion to examine the charge transfer resistance. A smaller
diameter of an impedance arc indicates lower charge transfer
resistance offered by the electrode and so the conductivity is
higher. It was evident that, as shown in Fig. 7c and d, the di-
ameters of all of the prepared electrodes were considerably
greater under dark conditions than those under visible light
irradiation, thus representing a larger resistance in the for-
mer case, which allowed only a few charge migrations. Under
the illumination of visible light, the impedance reduced sig-
nificantly due to the formation of plentiful photogenerated
charge pairs. In the case of both dark and light irradiation
conditions the order of resistance followed the same trend,
which was: LDH (dark-133 Q, light-112 Q) < ALM (dark-89 Q,
light-77 Q) < ALM-Pd (dark-72 Q, light-68 Q,) < ALM-Pd
(dark-59 Q, light-56 Q) < ALM-Au/Pd (dark-50 Q light-44 Q).
Apparently, the decreasing trend in the diameters of the
semicircles explains the greatly enhanced photocatalytic ac-
tivity of ALM-Au/Pd. After loading Au/Pd alloy nanoparticles
as the solution/electrolyte resistance decreased, the conduc-
tivity increased effectively to support this activity. Actually,
the smallest arc was from the ALM-Au/Pd nanocomposite,
which suggests that the developed surface charge heterogene-
ity on the Au/Pd alloy surface retards the high interfacial
charge transfer resistance, resulting in the rich electronic
and ionic conductivities of this material. The linear portion
in the Nyquist plot is the Warburg impedance (Ws) which
represents the ion diffusion process in the electrolyte
supporting the photocurrent response.®® The lowest Warburg
impedance was in the case of ALM-Au/Pd under dark and vis-
ible light illumination in comparison to neat counterparts
and the monometal nanocomposite confirmed effective ion
diffusion, in good agreement with the photocatalytic organic
transformation.

This journal is © The Royal Society of Chemistry 2019
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Based on the results of the steady state PL spectra, TRPL
and EIS measurements, it can be concluded that the modifi-
cation of a small amount of Au/Pd alloy on the ALM surface
can efficiently separate the recombination properties of
photo induced charge carriers in ALM and effectively acceler-
ate visible light conversion efficiency. This is why the ALM-
Au/Pd nanocomposite showed the best photo organic trans-
formation activity.

Photoelectrochemical study

Mott-Schottky plots were drawn to study the electronic struc-
ture, semiconducting nature and underlying mechanism of
the photocatalytic reaction. As displayed in Fig. 8a, both LDH
and ALM-Au/Pd show positive slopes in the Mott-Schottky
plots (1/C? versus the electrode potential), which correspond
to an overall shape consistent with typical n-type semicon-
ductors with electrons as the major charge carrier. The flat
band potential (Vg,) can be calculated from the X-intercept
obtained by extrapolating the linear portion of the M-S plot
by using equation (eqn (7)).**

1 2 kT
CZZ[ N J[Vanp_VFB_] (7)
q&,8 Ny q

where, N4 is the donor density, V,p, is the applied poten-
tial, ¢ is the dielectric constant, &, is the permittivity of the
vacuum and kT/q represents the temperature dependence
term. And 1/C> = 0, gives the Vg (flat band potential) vs.
Ag/AgCl electrode. The flat band potential of LDH was
obtained as -0.68 V vs. the Ag/AgCl reference electrode
(-0.08 V vs. NHE). Generally for an n-type semiconducting
material, the flat band potential is situated near to its con-
duction band (CB) potential.®* Therefore, the CB edge of
LDH was found to be —0.08 V vs. NHE and from the Tauc
plot, the band gap energy of LDH was found to be 2.5 eV,
so the valence band (VB) potential of LDH was determined
to be 2.42 V vs. NHE. Moreover, the smaller slope of Au/Pd-
ALM compared to that of LDH represents a higher carrier
density as well as highest donor density in the composite,
which is beneficial for improved electronic conductivity
within the photoanode to support efficient electron-hole
separation. The slight negative shift in the flat band poten-
tial was from -0.68 V for LDH to —0.76 V in the case of Au/
Pd-ALM. This negative shift in the flat band potential may
be attributed to band unpinning with surface trapped holes,
representing efficient electrode/electrolyte interface charge
transfer, resulting in an upward shift in the Fermi level by
increasing the degree of band bending and deeply enhances
the efficiency of photogenerated charge carriers separation
and migration.®

The photoelectrochemical activities of LDH, ALM, ALM-
Au, ALM-Pd and ALM-Au/Pd photoelectrodes were investi-
gated from their polarization curves by LSV. As shown in
Fig. 8b and c, all of the photoelectrodes displayed anodic
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photocurrents owing to their n-type conductivity under visi-
ble light illumination and dark conditions. It was observed
that all of the neat materials show comparatively small an-
odic current response in the applied potential window, thus
signifying poor photocatalytic behaviour compared to the
metal incorporated samples. However, upon integrating
MCM-41 with LDH and loading it with noble metal nano-
particles, the photoelectrocatalytic performance of the com-
posite significantly increased both in the dark and in the
presence of light. Upon visible light irradiation, all of the
photocatalysts exhibited higher photocurrent density than in
dark conditions. The LDH, ALM, ALM-Au, ALM-Pd and
ALM-Au/Pd photoelectrodes showed anodic photocurrent
densities of 2.3, 2.0, 1.4, 1.1 and 0.9 mA ¢cm ™ in the region of
0 to 1.4 V, respectively, with successive cathodic shifts in the
onset potential under the illumination of visible light. The
improved photocurrent density of ALM-Au/Pd suggests that
the Au/Pd alloy heterostructure can efficiently accelerate the
photon harvesting capability and photoconversion activity of
LDH. The synergetic effect of Au/Pd alloyed nanostructure
and charge heterogeneity encourages fast separation of the
photogenerated charge carrier. The faster transfer rate of
photoinduced charge carriers improved electron-hole separa-
tion efficiency and also increased the photocurrent. This en-
hanced activity was due to new active sites and the Schottky
barrier generated at the Au/Pd nanoparticle-semiconductor
interface that facilitates the surface redox reaction.®* Under
light illumination, the excited electrons could readily migrate
and diffuse easily, resulting in a higher anodic current.
Hence, the enhanced photoconversion activity was attributed
to the synergistic effect of the co-doped Au/Pd nanoalloy in
increasing electron shuttling, which accelerated the fast
transport and separation of the photogenerated charge car-
rier along with the lower resistance offered by the photo-
catalyst. Moreover, the efficiency of charge carrier separation
in ALM-Au/Pd also was evidenced by the PL study.

Scavenger study for photocatalytic conversion

To explain the photocatalytic charge transfer mechanism, de-
tection of the active species was very important. In a nitrogen
atmosphere, photogenerated electrons (e”) and holes (h") are
the most important reductive and oxidative reactive species
for a selective redox organic transformation reaction.> A con-
trol experiment was conducted over the ALM-Au/Pd nano-
composite in order to determine the effects of photoexcited
h* and e on the selective synthesis of imine in the coupled
photocatalytic system of benzyl alcohol oxidation and nitro-
benzene reduction. In this experiment, AgNO; and TEA were
used as electron and hole scavengers, respectively. As shown
in Fig. 9, when TEA was introduced into the reaction system,
the yield of all three products was significantly reduced from
89.6% to 40%, 20% to 8% and 68% to 16.3% for benzalde-
hyde, aniline and imine, respectively. The decreased yield of
benzaldehyde indicates that h* is the reactive species for se-
lective photooxidation of benzyl alcohol. In general, when
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Fig. 9 Benzyl alcohol and nitrobenzene conversion rates over ALM-
Au/Pd in the presence of various radical scavengers.

photogenerated holes are quenched in a reaction process, the
recombination of charge pairs is hindered and the corre-
sponding photoinduced electrons are available for the reduc-
tion reaction. But, in the present system, the lower yield of
aniline compared to the control experiment suggests the re-
duction of nitrobenzene depends on the oxidation of benzyl
alcohol. This may be due to those protons (H') generated
during the photooxidation of benzyl alcohol which are re-
sponsible for the reduction of nitrobenzene into aniline.
Moreover, a lower yield of benzaldehyde and aniline could
not produce more imine. However, with the addition of
AgNO; as an e~ scavenger, the yields of imine (29.8%) and an-
iline (9.9%) remarkably decreased, but the benzaldehyde
quantity was slightly enhanced from 89% to 90.4%. From the
above quenching experiments, it was concluded that the
photoinduced h" and e are decisive factors in the imine syn-
thesis through photocatalytic conversion of benzyl alcohol
and nitrobenzene, respectively.

Imine synthesis through a photocatalytic charge transfer
mechanism

Based on the above results and discussion, a possible mecha-
nism for imine formation via tandem photocatalytic conver-
sion of benzyl alcohol and nitrobenzene followed by coupling
between benzaldehyde and aniline over ALM-Au/Pd photo-
catalyst was proposed (Scheme 3). The proposed photocata-
Iytic mechanism explains the synergistic effect between the
Au/Pd alloy nanostructure and LDH in the ALM-Au/Pd nano-
composite. The imine synthesis was first achieved by oxida-
tion of benzyl alcohol followed by reduction of nitrobenzene.
When ALM-Au/Pd is irradiated and excited by visible pho-
tons, the electrons of VB are excited in the CB of LDH and
then rapidly transferred to Au/Pd alloy sites as the Au/Pd bi-
metallic alloy has a higher electron-capturing tendency due
to its low lying Fermi level."* This electron migration could
result in the creation of a metal-semiconductor Schottky
junction, which can efficiently trap the photogenerated
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nanoparticles is unlike those of single Au and Pd nanoparticles. The Pd sites have more electron density than Au sites because Pd has a slightly
greater work function (@pgq = 5.6) than Au (Dp, = 5.3). To maintain the Fermi level equilibrium, electrons will move from Au to the Pd site and
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electrons and assist electron-hole separation, thus accelerat-
ing the photocatalytic activity. In addition, upon visible light
irradiation, the photons were absorbed by Au/Pd alloyed
nanoparticles through LSPR excitation, resulting in hot
electrons on the alloy surface. Subsequently, the hot electrons
of Au and photogenerated electrons of LDH together trans-
ferred to the Pd site. As depicted in Scheme 2, the work func-
tion (@pq = 5.6) of Pd is a little larger than the work function

of Au (@4, = 5.3). Under visible light illumination in the
alloyed nanostructure, when the two metals are in contact
with each other, in order to achieve equilibrium (@aﬁoy) the
energetic electrons will flow from Au to Pd to establish an
equal chemical potential gradient. Owing to this charge redis-
tribution, the Pd atom becomes rich in electrons and the Au
atom electronically deficient. This heterogeneity in charge
distribution enhanced the interactions between reactant
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molecules (benzyl alcohol and nitrobenzene) and Au/Pd alloy
nanoparticles, independent of the electrophilic/nucleophilic
nature of the reactants. The close interaction leads to a de-
crease in the activation energy and ultimately increases the
rate of the photocatalytic reaction. At the same time, the posi-
tively charged photogenerated holes could accumulate in the
VB of LDH. The Brgnsted and Lewis surface basic sites of
ALM-Au/Pd help to facilitate the deprotonation of surface
adsorbed benzyl alcohol and to form alkoxide anions. Then
alkoxide anions react with the photogenerated holes at VB of
LDH to form carbon radicals by releasing another H'. The
obtained carbon radicals further react with photogenerated
holes to form benzaldehyde. Subsequently, electrons gather
at the Au/Pd bimetallic alloy nanoparticles and the presence
of H' generated during oxidation process could efficiently
react with nitrobenzene to form nitrosobenzene and H,O
molecules. After that, the nitrosobenzene gradually converts
to aniline as the reaction progresses. Finally, benzaldehyde
couples with aniline to produce imine by discharging water.
The released hydrogens during the conversion of benzyl
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alcohol to benzaldehyde are mainly hydroxyl hydrogens and
o-hydrogens of benzyl alcohol, respectively, and the imine
hydrogen is initiated from benzaldehyde. This organic trans-
formation reaction indicates that the photocatalytic oxida-
tion of benzyl alcohol to benzaldehyde involves 2 photo-
generated holes and the photocatalytic reduction of
nitrobenzene to aniline requires 6 electrons and 6 protons
(H"). This 6 mol of protons are generated from 3 mol of ben-
zyl alcohol. Therefore, according to theoretical calculations,
the amount of benzyl alcohol should be three times that of
nitrobenzene. Moreover, 1 mol of imine is produced by the
condensation reaction between 1 mol of benzaldehyde and 1
mol of aniline.>>® So, after completion of the tandem reac-
tion, the concentration of the produced benzaldehyde
should be two times that of imine. The detailed photocata-
lytic organic reaction mechanism can be explained by the
following equations (eqn (8)-(12)). Thus, it is made clear
that the formation of imine was definitely synthesized from
benzyl alcohol and nitrobenzene in the current photocata-
Iytic reaction system.
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Fig. 10 Reusability study of (a) imine synthesis in four consecutive cycles of running every 3 h for the ALM-Au/Pd nanocomposite, (b) PXRD
patterns of ALM-Au/Pd before and after the photocatalytic reaction, (c) TEM image of ALM-Au/Pd after light irradiation and (d) the CA curves of all

of the photocatalysts.

Catal Sci. Technol.

This journal is © The Royal Society of Chemistry 2019


http://dx.doi.org/10.1039/c8cy02603c

Published on 24 April 2019. Downloaded by Auburn University on 4/24/2019 2:23:04 PM.

Catalysis Science & Technology

ALM-Au/Pd— Sl AT M-Au/Pd(h* +e¢”) (8)
H,0H HO
lomzatmn
-H +
)

N(HO), NO NHOH

__2H" -H,0 2 H*
2e”

2H* -H,0
—_—

(10)

Overall reaction:

CH,0H
Visible llght
+2H,0
ALM Au/Pd
(11)
CHO NH,
H
C\
+ H,0

(12)

Stability and reusability of the photocatalyst

The stability of the photocatalyst in a photocatalysis reaction
is an important parameter. Therefore, to evaluate stability
and reusability of the ALM-Au/Pd photocatalyst for one-pot
imine synthesis. The reusability experiments over the ALM-
Au/Pd photocatalyst were studied under visible light irradia-
tion for 12 h. After each run, the colloidal suspension was
washed with distilled water and ethanol for the next run. The
results are summarised in Fig. 10a and indicate that yields
of benzaldehyde, imine and aniline do not show distinct
changes during the first two cycles, and then show a slight

This journal is © The Royal Society of Chemistry 2019
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decreasing trend over the next two cycles. This may be due to
partial loss of the catalyst during isolation. To investigate the
photostability of the sample, both fresh and used photo-
catalysts were studied by PXRD and TEM. As shown in
Fig. 10b, it can be clearly seen that after the light illumina-
tion, the intensity of the used ALM-Au/Pd nanocomposite
was slightly more reduced than that of the fresh catalyst; oth-
erwise there were no structural changes observed between
them. Similarly, the TEM images (Fig. 10c) of the reused
ALM-Au/Pd sample show an unchanged morphology even af-
ter a 4th run. The Au/Pd alloys did not leached out from the
ALM surface after visible light irradiation. Furthermore, the
photoelectrochemical stability and resistance of the catalyst
was investigated by a CA study. Fig. 10d displays the corre-
sponding chronoamperometric response of time dependence
anodic photocurrent of LDH, ALM, ALM-Pd, ALM-Au, and
ALM-Au/Pd. When all of the photocatalysts were irradiated
with light, the anodic photocurrent was found to decrease
more slowly in the ALM-Au/Pd nanocomposite than in the
other photocatalysts and then became relatively stable with
time, even after 300 s. The current density results exhibit a
very slow attenuation and indicate that photocorrosion or re-
duction of the photoanodes might not occur during the reac-
tion. From the above results it can be concluded that the
ALM-Au/Pd nanocomposite is a highly stable and reusable
visible light-driven photocatalyst for one-pot imine synthesis
through benzaldehyde and aniline.

Conclusions

Herein, we have successfully synthesised a ALM-Au/Pd cata-
lyst and exploited its photocatalytic activity for the one-pot
conversion of benzyl alcohol and nitrobenzene to imine un-
der visible-light irradiation. Introduction of MCM-41 into the
LDH with functionalisation by amine groups provides a high
surface area and Brensted basic sites for photocatalytic reac-
tions. The amine groups help in controlling the dispersion
and size of the Au/Pd alloy nanoparticles on the LM surface.
The metal-ligand supports interaction serves as an active site
for the photocatalytic organic transformation reaction. Thus,
surface heterogeneity by loading alloyed Au/Pd nanoparticles
strongly interacts with reactant molecules and can remark-
ably improve the reaction activity. The in situ formation of
imines under visible light irradiation proceeds via a redox re-
action pathway involving sequential benzyl alcohol oxidation
and nitrobenzene reduction. This work details a concept for
integrating a newly designed bimetal alloyed nano-
heterostructure for a tandem photoconversion reaction,
resulting in imine synthesis that is an eco-friendly and com-
petent organic synthesis process as an alternative to tradi-
tional industrial synthesis procedures.
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