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Introduction

A plasmonic AuPd bimetallic nanoalloy decorated
over a GO/LDH hybrid nanocomposite via a green
synthesis route for robust Suzuki coupling
reactions: a paradigm shift towards a sustainable
future

Mitarani Sahoo,? Sriram Mansingh,? Satyabrata Subudhi, @2
Priyabrat Mohapatra® and Kulamani Parida @ *?

Exploiting the advantageous science of layered architectures, herein graphene oxide (GO) and a ZnCr-
layered double hydroxide (LDH) have been united together and further modified by Au-Pd noble metal
nanoparticles (NPs) to design a highly efficient novel GO/LDH@AuUPd hybrid photocatalyst. The synthesis of
this hybrid composite was carried out via the in situ nucleation of the ZnCr LDH over the surface of GO
sheets, subsequently followed by the photo-deposition of bimetallic alloyed NPs and the reduction of
graphene oxide (GO) to reduced graphene oxide (RGO) under light illumination. The successful formation
of a GO/LDH@AuUPd hybrid material was evidenced via XRD, UV-vis spectroscopy, TEM and XPS analysis.
Here XPS techniques were employed to assess the electronic contribution of LDH towards the electron
density on the noble metal through the GO surface during the photoreduction process. TEM images con-
firmed that bimetallic NPs are well dispersed on the LDH as well as over the GO surface. Moreover, the sig-
nificant quenching of the PL intensity and the smaller arc radius of EIS measurements of an active AuPd
alloyed sample demonstrate effective charge separation leading to superb photocatalytic activity. Here, an
energy saving and green synthesis method was adopted by utilizing (i) visible-light active Zn-Cr-LDH nano-
plates, (ii) SPR-effective gold NPs, (i) the channelling features of GO, (iv) the charge heterogeneity of the
AuPd alloy and (v) the efficiency of palladium towards the C-C coupling reaction, which made the catalyst
more powerful in terms of enhancing the photocatalytic Suzuki coupling reaction compared to various
chemical agents at high temperatures. The existence of Au enhances the abilities of Pd synergistically to-
gether with GO/LDH in the presence of visible light, boosting Suzuki coupling reactions. The Suzuki cou-
pling product yield, i.e., biphenyl, is around 99.5% over the GO/LDH@AuUPd composite, which is about 1.9
times higher than a single metal loaded GO/LDH composite. The enhanced catalytic activity resulted from
the electron transfer pathways of LDH — Au — Pd and LDH — RGO — Au — Pd in the hybrid nano-
architecture. We believe that this novel approach can lead to stable heterogeneous photocatalysts for
other reactions with high activities.

tainable and greener reaction conditions. Considering this,
recently, ZnCr layered double hydroxides (LDHs) have

The scarcities of fossil fuels and the ecological effects of their
emissions have become major hurdles in the race for social
progress. The use of solar energy to trigger organic reactions
has achieved enormous attention owing to the resulting sus-
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appeared as a ground-breaking photocatalyst in the context of
energy and environmental applications owing to their en-
hanced photocatalytic activity." However, naked LDHs typi-
cally acquire low quantum yields under visible light irradia-
tion because of worse electron-hole transfer properties and
poor charge carrier mobility.”> Therefore, a lot of attempts
have been made to further enhance the photocatalytic activi-
ties of LDHs through the inclusion of 2D-layered carbon ma-
terials like graphene oxide (GO).”> Graphene (and its deriva-
tives GO and RGO) has become a rising star in the field of
catalysis owing to its good anchoring sites for semiconductor/

This journal is © The Royal Society of Chemistry 2019
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metal nanoparticles (NPs) and because of its excellent con-
ductivity, charge separation abilities, and high chemical and
mechanical stabilities.”® Furthermore, a GO/LDH composite
supporting bimetallic NPs not only enhances the photocata-
lytic properties of the alloyed NPs, but it also induces syner-
gistic effects caused by the tremendous conductivity and high
surface area of the graphene nanosheets. For greater improve-
ment of the photocatalytic activity and stability, Au, with its
plasmonic properties, can be blended with Pd to form a AuPd
alloy, which can make full use of solar photons in the visible
spectral region. More importantly the individual moieties not
only retain their own properties but, at the same time, they
generate new features when placed together within close prox-
imity. As a result, hybrid nanomaterials provide an exciting
platform to study the combined effects of Au and Pd for
photocatalytic organic conversion.

In the present research era, bimetallic NPs have stolen the
limelight when it comes to the photocatalytic synthesis of or-
ganic compounds. Furthermore, bimetallic AuPd alloyed NPs
have been synthesized on various semiconducting supports,
like TiO, ® and BivO,,” and also on electronic conductors like
graphene® ' to enhance the catalytic efficiency. On the other
hand, the synthesis of bimetallic NPs with properly con-
trolled morphologies and compositions over semiconducting
materials, like layered double hydroxides, has been effectively
used to restrict the nanosize effect shown by alloyed NPs dur-
ing photocatalysis. Recently, AuPd/MgAI-LDH was reported to
exhibit excellent photocatalytic performance for the selective
oxidation of benzyl alcohol to benzaldehyde.'! Although bi-
metallic NPs supported over GO or LDH individually have
been studied enormously, photoreduction with bimetallic
AuPd supported over a GO/LDH hybrid nanocomposite has
been reported rarely. To the best of the authors' knowledge,
no article to date has explored the photocatalytic potential,
along with the structural importance, of GO/LDH®@AuPd ter-
nary nanohybrids towards organic synthesis. So, the develop-
ment of this proficient photocatalyst, which can acquire huge
benefit from the active groups, encourage the charge transfer
efficiency of photo-induced charge carriers, and be utilized
properly in a single reaction system, is still a burning topic
research.

Moreover, particular focus is needed on the simultaneous
utilization of photo-generated holes and electrons for organic
reactions, which can provide a promising catalytic pathway
for eco-friendly and economical synthesis. Recently many re-
ports have mainly focused on the utilization of photo-
generated electrons and holes for reduction and oxidation re-
actions, respectively,"'®> but coupling reactions have
remained relatively untouched with regards to the utilization
of light. In the present era of organic research, coupling reac-
tions conducted using visible-light active materials can be
found on the cover pages of many scientific reports. However,
few literature reports cover visible-light active materials for
photocatalytic Suzuki coupling reactions,'*® as major photo-
catalysts suffer from (i) low light absorption capacities, (ii)
poor photostabilities and (iii) faster charge recombination
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properties. Recently, Sun et al. reported Suzuki coupling reac-
tions over various MOF-based photocatalysts (i.e., meta-
I@MOFs) under visible light irradiation.'”'® Additionally,
light-driven photocatalysts have materialized as one of the
cleanest, most cost effective and environmentally friendly
techniques for the elimination of environmental toxic waste
and alleviating the energy crisis. For that reason, the scien-
tific community has devoted its abilities and knowledge to-
wards the fabrication of highly efficient visible-light active
photocatalysts. Catalysts with various favorable properties,
like showing high visible-light absorption and having huge
surface areas, better charge separation abilities and long-
term photostabilities, are confirmed to be the best in the
field of photocatalysis. However, it is rather difficult to attain
all of the above features from one component.

Inspired by current areas of research, we have designed a
smart visible-light active photocatalyst and focused on the
stabilities and activities of AuPd alloy NPs with various ratios
of Au to Pd, as well as GO/LDH nanocomposites individual
decorated with Au and Pd, for photocatalytic Suzuki coupling
reactions. The surface coordinated APTS ((aminopropyl)tri-
ethoxysilane) groups can effectively control the uniform dis-
tribution of alloyed metal NPs over the GO/LDH surface. The
AuPd alloy photocatalyst (1:1) gave 95.5% yield during the
Suzuki coupling reaction, without any indication of leached
metal alloy. The improved catalytic activity can be ascribed to
contributions from each component synergistically activating
the reactants in the visible region, where the large number of
photo-generated electrons and holes can be utilized for the
activation of iodobenzene and phenylboronic acid, respec-
tively. This study no doubt opens up a new window onto
visible-light driven materials for organic coupling reactions.

Experimental
Materials and reagents

All the chemicals used, such as potassium permanganate
(KMnO,), sodium nitrate (NaNO3), hydrochloric acid (HCL),
sulphuric acid (H,SO,), sodium hydroxide (NaOH), hydrogen
peroxide (H,0,), graphite powder, auric acid (HAuCly),
palladium(u) chloride (PdCl,), iodobenzene, phenylboronic
acid, and potassium carbonate (K,CO;), were purchased from
Merck. The starting materials for layered double hydroxide
(LDH) preparation, ie., nitrate salts (Cr(NO);9H,O and
Zn(NO);-6H,0), were obtained from Sigma Aldrich. The above
reagents were all used as received in the performed
experiments.

Preparation of the ZnCr LDH/GO nanocomposite

The popular Hummers' method is followed to prepare
graphene oxide from graphite powder. The composite, ie.,
LDH/GO, was fabricated via the in situ nucleation of the ZnCr
LDH from the respective metal precursors over the surface of
GO sheets. In detail, a weighed amount of as-prepared GO
was added to 100 mL of DW (deionised water), subjected to
ultra-sonication (1 h) and further stirred for half an hour
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under ambient conditions. 40 mL of a 3:1 molar ratio (Zn>":
Cr’*) mixed metal solution of Zn(NOj;),-6H,0 and Cr(NOj3);
‘9H,0 in DW was prepared and 0.2 M NaOH solution was
also prepared. Then, both the alkaline and metal nitrate
(zn**:Cr*") solutions were added simultaneously to the
above-prepared GO suspension dropwise. Then the pH of the
solution was carefully maintained at 10 throughout compos-
ite (LDH/GO) formation. Further, the obtained slurry was
placed under stirring for 4 h, followed by heating for nearly
8 h at 90 °C. Ultimately, the suspension (grey colour) was fil-
tered and rinsed several times with DW and kept in a hot air
oven for one day at 100 °C. The as-formed material is desig-
nated as the LDH/GO composite.

Synthesis of GO/LDH@APTS

1 g of GO/LDH was suspended in a round bottom flask with
30 mL of toluene. Then, 5 mL of APTS ((aminopropyl)tri-
ethoxysilane) was added slowly to the above suspension and
it was refluxed for 6 h. After that, the above solution was fil-
tered and rinsed frequently with DW and ethanol. Subse-
quently, the above sample was dried in an oven overnight at
70 °C. The formed sample is referred to as the GO/
LDH®@APTS composite.

Synthesis of the GO/LDH@AuPd hybrid nanocomposite

1 g of the above-prepared GO/LDH@APTS composite was
suspended in ethanol (50 mL) and subjected to sonication
(30 min). To the as-formed faint black suspension, equal vol-
umes (5 mL) and molar strengths (0.01 M) of HAuCl, and
PdCl, solutions were injected and the mixture was stirred
continuously for 4 h under ambient conditions. Then the
metal-including solution was exposed to a UV light source in
the form of a 300 W Xe lamp (without a cut-off filter)
equipped with a Lelesil quartz reactor for a time period of 3
h. The above-mentioned light-illuminated solution was
centrifuged repeatedly with DW followed by ethanol before at
last being dried overnight in a hot air oven at 80 °C. The as-
formed dry material is denoted as Au,Pd;@LDH/GO. Simi-
larly, single metal loaded LDH/GO samples, i.e., Au@LDH/
GO and PA@LDH/GO, were prepared following the same pro-
cedure as mentioned above for the bimetallic loaded LDH/
GO composite but, in this case, 10 mL of either the HAuCl,
(0.01 M) or PdCl, (0.01 M) metal precursor was used for the
respective metal decorating of the composite. The same
method was wused to prepare Au,Pd;@GO/LDH and
Au,Pd,@GO/LDH. A similar preparation method can also be
adopted in the case of the GO@AuPd nanocomposite.

Photocatalytic Suzuki coupling reaction

In a typical Suzuki coupling reaction, 0.1 mL (1 mmol) of
iodobenzene, 0.227 g (1.5 mmol) of phenylboronic acid, 5 mL
of water, 15 mL of ethanol, 0.41 g (3 mmol) of K,CO; and
0.01 g of catalyst were mixed together under vigorous stirring.
The reaction mixture was exposed to a 300 W Xe lamp
equipped with a cut-off filter (1 = 420 nm) under magnetic
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stirring for 2 h and the reaction was maintained at a temper-
ature of 25 + 5 °C with constant flowing water connected to a
chiller (Julabo300F). After the photocatalytic reaction, the so-
lution was centrifuged (REMI R-24) for the separation of the
catalyst. The liquid phase product was analyzed via gas-
chromatography (GC, Thermo scientific Trace 1110) with an
FID detector using an SE-30 capillary column. In the case of
using H,O as the solvent, the product was extracted with
dichloromethane prior to GC analysis. All the dark reactions
were carried out in the same way as the photocatalytic reac-
tions. Additionally, the separated catalyst was then washed
several times with distilled water and ethanol, and subse-
quently dried under vacuum at 70 °C overnight. The collected
catalyst was recycled for further reactions.

Characterization techniques

Crystallographic information relating to the as-prepared sam-
ples was analysed using a Rigaku Miniflex XRD machine with
a Cu Ko (1 = 1.5418 A) X-ray source within the scan window
of 20 = 5-80° at a scan rate of 2° min™. A JASCO FT-IR
spectrometer with a frequency range of 500-4000 cm™* was
used for FT-IR spectral measurements with KBr as a refer-
ence. The optical behaviour of the synthesised materials,
such as the UV-vis DRS and photoluminescence behaviour,
was verified using a JASCO V-750 spectrophotometer and FP-
8300 spectrofluorometer. A VG Microtech Multilab ESCA 3000
spectrometer equipped with an Al Ko X-ray source and a
charge neutraliser was utilised to characterise XPS spectra.
The Raman phonon vibrations of the samples were analysed
with a Renishaw inVia Raman microscope. TEM and HRTEM
characterization was undertaken with the help of a Philips
TECNAI G2 instrument (200 kV accelerating voltage). Imped-
ance (EIS) and Mott-Schottky (MS) measurements were car-
ried out with an IVIUMnSTAT multichannel electrochemical
analyser fitted with a three-electrode based system. A Lelesil
Innovative-based photoreactor, fitted with a 300 W Xe light
along with a UV cut-off filter and a JULABO 300F chiller, was
used for the purpose of performing the photocatalytic experi-
ments. The obtained experimental results were analysed with
an Agilent technology 7890B gas chromatography system.

Results and discussion

The phase purity, structural identity and existence of Au, Pd,
and bimetallic AuPd alloyed NPs were confirmed with the
help of powder X-ray diffraction techniques, as shown in
Fig. 1. The characteristic XRD pattern of the pure GO precur-
sor (Fig. 1a) reveals a diffraction peak at 26 = 11.04°, corre-
sponding to the (001) plane, and the interlayer distance of
0.80 nm suggested the formation of oxygenic functional
groups over the surface of the graphite layer.'® All the diffrac-
tion peaks of a hydrotalcite-like material were seen at diffrac-
tion angles of 11.4°, 22.7°, 31.4° and 61°, which can be
indexed to the (003), (006), (009) and (110) reflection planes
of the GO/LDH nanocomposite, respectively. This result sug-
gests the formation of a GO/LDH nanocomposite through the

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 XRD patterns of GO (a), GO/LDH (b), GO/LDH@Au (c), GO/
LDH@Pd (d), and GO/LDH@AuUPd (e).

effective exfoliation of GO layers with LDH sheets. The XRD
pattern of the monometallic Au NPs revealed four sharp
peaks at 26 = 38.09°, 44.31°, 64.63° and 77.50°, which could
be assigned to the (111), (200), (220) and (311) crystal planes,
respectively (JCPDS No. 89-3697). Further, three broad peaks
were seen at diffraction angles of 39.32°, 46.14° and 68.04°
from the (111), (200) and (220) planes of face centred cubic
Pd NPs (JCPDS No. 87-0645). In the case of the AuPd bimetal-
lic alloy, the PXRD pattern shows 26 values of 38.37°, 44.70°,
65.02°, and 77.82°, which can be indexed to (111), (200),
(220), and (311) crystal planes, respectively. It can be ob-
served that all the diffraction peaks of AuPd@GO/LDH were
positioned in between those of the monometallic AuNP- and
PANP-modified GO/LDH composites. Additionally, all the
peaks of the alloyed sample are slightly broadened and
slightly shifted to higher 26 values compared to those of
monometallic AuNPs, owing to interactions with Pd atoms
following the formation of the bimetallic AuPd alloy. This
confirms that AuPd alloy formation takes place, rather than a
mixture of mono-metals or core-shell NPs, over the facade of
the GO/LDH nanohybrid, which is well supported by UV-vis
and XPS characterization.">>’

Moreover, the average crystallite size of the noble metal
NPs was calculated using the Scherrer equation by means of
the full width at half maximum (FWHM) of the leading dif-
fraction peak, ie., the (111) plane of the Au/Pd/AuPd@GO/
LDH composite.*’

d = kA/(j cos 0)

where A is the wavelength of the X-ray source (1.54 A), § is
the FWHM of the most dominant peak, k is an empirical con-
stant (0.89), and 6 is the angular location. Therefore, from
PXRD analysis, the crystallite sizes were estimated to be 12.78
nm for Au@GO/LDH, 1.9 nm for Pd@GO/LDH and 2.98 nm
for AuPd@GO/LDH. This decrease in the crystallite size of
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the AuPd alloyed NPs compared to the monometallic Au NPs
may be caused by associated lattice strain, and this again
confirms the creation of bimetallic alloyed NPs. Moreover,
the particle size of the AuPd alloy was measured to be ~4.2
nm (from Fig. 3f), which is comparable with the crystallite
size of the AuPd alloy. However, this remarkable difference
between the average particle (~4.2 nm) and crystallite (2.98
nm) sizes of the alloyed NPs indicates that the particles
might consist of several crystallites, i.e., individual crystallites
may agglomerate to form a particle, which is in agreement
with the literature.***?

The optical absorption properties and band gaps of the as-
synthesized nanohybrid samples were probed using a UV-vis
DRS spectrophotometer. The light absorbance spectra of GO/
LDH, GO/LDH@Au, GO/LDH@Pd and GO/LDH@AuPd are
depicted in Fig. 2. It is seen that the GO/LDH nanocomposite
shows the existence of two absorption bands at 410 nm and
565 nm. The first one is due to O 2p — Cr 3d(t,g) ligand-to
metal charge-transfer (LMCT) in an octahedral environment,
and the second one is attributed to Cr 3d(t,z) — Cr 3d(e,)
metal to metal charge transfer (MMCT) caused by the d-d
transition of Cr™. Additionally, in the case of the GO/LDH
nanocomposite, the band in the range of 200-350 nm may be
due to LMCT, ie., from O 2p — Zn 3d and O 2p — Cr
3d(egy).>* It was observed that after the introduction of noble
metal nanoparticles to the GO/LDH nanocomposite, the ab-
sorption edge showed a bathochromic shift compared to the
parent GO/LDH. This red shift obviously demonstrates that
the visible light absorption capacity is enormously increased
with the loading of single noble metal or bimetallic alloyed
NPs. In the case of GO/LDH®@Au, a broad absorption band
appeared at around 560 nm, rather than the LSPR peak at
530 nm. This may be due to the fact that the plasmon peak
of gold overlaps with the MMCT band of the GO/LDH com-
posite material causing a broad band. Moreover, no

Absorbance (a.u.)

[=—GO/LDH

—— GO/LDH@ Au 4 ¥
—— GO/LDH@ Pd S~—=rR ]
—— GO/LDH@ AuPd MMCT
M ' ¥ v y T v T v T Y
200 300 400 500 600 700 800
Wavelength (nm)

Fig. 2 UV-vis spectra of the as-synthesized samples illustrating the
surface plasmon resonance effect.
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characteristic peak was observed in the case of the Pd-loaded
GO/LDH composite. However, in the case of the AuPd alloyed
sample, the Au SPR band disappeared, which is due to the ex-
istence of a group 10 (i.e., d® s*) metal in the bimetallic NPs,
which suppresses the SPR energy of the group 11 (i.e., d'® s')
metal.>>*® This implies the creation of AuPd bimetallic
alloyed NPs.

Furthermore, the band gap energies were determined
from the Kubelka-Munk absorbance and Tauc plots. It was
observed that the GO/LDH nanocomposite showed an indi-
rect transition and the estimated band gap energy value
was 2.47 eV, which matches well with the published
literature.>*

The TEM images of GO/LDH@AuPd in Fig. 3 display the
novel hybrid structure of the alloyed nanocomposite, where
the distribution of nanosized spherical AuPd bimetallic alloy
particles was observed over the platform of the 2D matrix
(GO/LDH). This offers advanced properties, contributing to-
wards the enhancement of the photocatalytic performance of
the composite. It is clearly seen that the AuPd alloyed NPs
are strongly wrapped in gauze-like crumpled and rippled GO
sheets, as shown in Fig. 3(a), and some of the bimetallic
alloyed AuPd NPs can be seen to be uniformly distributed on
the surface of the ZnCr LDH nanosheets, as shown in
Fig. 3(b) and (c). Again, Fig. 3(b) clearly suggests that the nu-
cleation of LDH occurs over the GO surface and further LDH
sheets get bound to the GO surface through electrostatic in-
teractions, confirming the strong interactions between GO
and LDH due to their oppositely charged frameworks. More-
over, the existence of AuPd alloyed NPs is verified through
the HRTEM image shown in Fig. 3(d). Two different lattice
fringes were observed in the alloyed metal NPs; the lattice
fringes with interplanar spacings of 0.228 nm and 0.236 nm
correspond to the (111) crystallographic planes of the Pd and
Au fcc structures, respectively. Additionally, the d-spacing of
0.20 nm is due to the (012) crystallographic plane of pure
LDH, which matches well with previous reports.>” The corre-
sponding planes and diffraction rings can be observed in the
SAED pattern shown in Fig. 3(e). The SAED pattern displays a
number of intense spots in a random way; these can be allo-
cated to the fcc crystalline structure of the alloyed NPs. The
observed interplanar spacing values, supporting the existence
of Au and Pd NPs, are very consistent with the XRD data and
similar to the previously reported literature."* Further, the
particle size distribution graph shows that the average diame-
ter of the bimetallic AuPd alloyed NPs is calculated to be 4.2
+ 1.5 nm, as shown in Fig. 3(f). In order to confirm the differ-
ent element content values in the GO/LDH@AuPd photo-
catalyst, we obtained an energy dispersive X-ray spectroscopy
(EDS) mapping image, as shown in Fig. 3(g), which demon-
strates the existence of Au, Pd, Zn, Cr, C, O, N and Si compo-
nents in the sample. This confirms the presence of the APTS
group in the sample.

To identify the chemical compositions, the oxidation
states of the included metals and the electronic contribu-
tions of the LDH and AuPd in the GO/LDH@AuPd nano-
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composite, X-ray photoelectron spectroscopy (XPS) analysis
was performed and the obtained data is depicted in Fig. 4.
The survey spectrum analysis in Fig. 4(a) shows the existence
of Zn, Cr, Au, Pd, O and C components in the hybrid nano-
composite. Fig. 4(b) presents the deconvoluted C 1s spec-
trum of GO/LDH®@AuPd, where the peaks located at about
284.54 and 288.44 eV are attributed to sp> graphitic carbon
and carbon atoms bonded with oxygen atoms (-COOH
groups), respectively.”® Additionally, the O 1s spectrum is
deconvoluted into two signals, ie., 530.37 and 531.92 eV,
which are associated with the bridging OH and terminal OH
groups of LDH, respectively.>® As shown in Fig. 4(d) and (e),
the signals centred at about 1022.8 and 1045.8 eV represent
the Zn 2p;,, and Zn 2p,/, spin states, whereas signals from
Cr 2p;/, and Cr 2p,,, were noticed at 578.09 and 587.2 eV in
the GO/LDH@AuPd sample. It is found that the binding en-
ergy values of the composite LDH are slightly higher in en-
ergy than those of our previously reported literature binding
energy values of pure LDH (Zn 2p;,: 1022.7 €V; Zn 2p;):
1045.0 eV; Cr 2pg/: 577.6 eV; and Cr 2py,,: 586.38 €V).>° The
shifting of the binding energies demonstrates a reduction of
the electron density around Zn and Cr in GO/LDH®@AuPd
owing to the transfer of electrons from the LDH to the di-
rectly attached AuPd alloy NPs and also to those anchored
on the GO surface via the n-conjugated skeleton of the GO
sheets. This further confirms the strong interactions between
the AuPd alloy and the support (GO and LDH) in the GO/
LDH@AuPd sample.®® Moreover, in the case of the GO/
LDH@AuPd sample, the binding energies centred at 82.5
and 87.4 eV are allotted to electronic transitions (Au 4f,/,
and Au 4f;;,) and the peaks at 335.6 and 340.9 eV are
assigned to the Pd 3ds, and Pd 3d;,, regions, respectively,
suggesting the presence of metallic Au® and Pd® species, re-
spectively. However, in the case of the single metal loaded
LDH, the signals at around 83.8 and 87.5 eV are assigned to
Au4f,, and Au4fs,,>® and the peaks at 335.4 and 340.7 eV
are assigned to the Pd3ds/, and Pd3d;,, energy levels, respec-
tively.*> It was spotted that in the AuPd alloyed composite,
the transition of Au 4f shows a negative shift and that of Pd
3d shows a positive shift compared to the single metal NPs,
relative to our previous report. These above results reveal
that charge transfer occurs from Pd to Au, i.e., charge trans-
fer takes place from the lower electronegativity of Pd (2.20)
to the higher electronegativity of Au (2.54). The above
electronic interactions also demonstrate the formation of the
AuPd alloyed sample.

The Raman polarization bands of the parent graphene ox-
ide (GO), i.e., the G (E,g) and D (A;,) bands, could be clearly
visualised at 1587 and 1344 cm', respectively, because of
two symmetric levels, the central zone and k-point phonons,
as shown in Fig. 5. More importantly, the hump depicting
the G mode of the Raman vibrations highlights the sp> car-
bon skeleton in the GO sheets, which are formed via the re-
duction of oxygen-containing groups, whereas the D band of
GO indicates the occurrences of defects. Interestingly, the red
shift in the wavenumbers of both the G (1587 to 1599 cm™)

This journal is © The Royal Society of Chemistry 2019
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(a-c) TEM and (d) HRTEM images, (e) an SAED pattern, (f) the particle size distribution and (g) the EDX spectrum of the GO/LDH@AuPd
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and D (1344 to 1350 cm ™) phonon bands of GO in the GO/
LDH hydride suggests the successful reduction of GO to RGO
via the photoreduction method. Further, the band intensity
(D to G) ratio, ie., Ip/lg, of GO illustrates critical ideas about
the defects and distortions in the carbon skeleton that play a
vital role in enhancing the catalytic ability of the photo-
catalyst. Moreover, the shift in the band intensity ratio (Ip/I)
from 0.98 in neat GO to 1.08 in the LDH/GO composite indi-
cates the successful reduction of GO to rGO and also the cre-
ation of defects in the GO sheets. These defects or vacancies
on the GO surface act as nucleation sites for the LDH. Addi-
tionally, one more shoulder band, located at about 2684
cm™', represents the 2D band that provides idea about the
formation of the single layer structure®* and defect sites (in-
set of Fig. 5). All of the above observations suggest the suc-
cessful reduction of GO to rGO (LDH/GO) using the followed
photoreduction method and also indicate the strong chemi-
cal interactions between GO and the LDH that prevent the
stacking of GO sheets. The above claims clearly justify the
successful photoreduction of GO and the development of the
LDH/GO hybrid.

The photocatalytic performance largely depends upon the
behaviour of charge carriers, i.e., charge separation and mi-
gration, within the photocatalyst, and the effectiveness of
these physical phenomena are well characterized through PL
and EIS analysis (Fig. 6). Conceptually, the intensity of a PL
peak varies directly with the recombination rates of excitons,
i.e. intense peaks mean faster recombination and vice versa.
Similarly, the diameter of the arc obtained from a Nyquist
plot after EIS measurements (Fig. 6a) gives information re-
garding the electrode/electrolyte interface charge transfer re-
sistance; a smaller arc radius implies better conductivity,
faster charge transfer and low electron-hole recombination
and, hence, excitons with longer life spans. A bigger semicir-
cle indicates faster recombination and poor electrical conduc-

D band G band

Relative intensity (a.u.)

2200 2400 2600 2800 3000 3200
Raman shift (em™!)

Relative Intensity (a.u.)

(b)
T v T v T T T T T T T
500 1000 1500 2009) 2500 3000

Raman shift (cm

Fig. 5 Raman spectra of samples: (a) GO and (b) the GO/LDH@AuPd
nanocomposite. The inset figure is an enlarged portion of the Raman
spectrum of the GO/LDH@AuUPd nanocomposite.
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tance. Again, the slope of the line in the higher frequency
zone of the graph represents the Warburg resistance, which
represents the ion diffusion process; a straighter line sug-
gests a more smooth diffusion mechanism. In the performed
PL study (Zex = 360 nm) of the GO/LDH@AuPd and GO/LDH
composites, the observed emission peak for GO/LDH@AuPd
is of low intensity compared to GO/LDH, which proves better
charge carrier separation in the former and, hence, superior
catalytic activity (Fig. 6b). Additionally, the peaks positioned
at 468 nm and 492 nm indicate defect sites and band-to-
band emission, respectively. Moreover, the strong band ob-
served in the region of 415-435 nm was due to the trapping
of surface excitation charge. The lowering of the PL peak
intensity in the case of the bimetallic alloy modified GO/LDH
composite is attributed to the Au-Pd loading. Furthermore,
the EIS analysis carried out within a frequency range of 10"~
10° Hz clearly supports the effective electron-hole separation
and migration efficiency of the GO/LDH@AuPd photo-
catalyst, with a smaller Nyquist semicircle and a straighter
Warburg line compared to GO/LDH.

Photocatalytic activity towards the Suzuki coupling reaction
(SCR)

The photocatalytic activity of the AuPd alloyed nanocatalyst
with enriched electron density under a visible light beam can
also be shown towards the SCR between iodobenzene (IB)
and phenylboronic acid (PBA). In order to analyse the role of
the active metal, an initially bare GO/LDH sample was tested
for the coupling reaction, as indicated in Table 1. In the ab-
sence of AuPd alloy, a trace amount of biphenyl yield was
achieved after 3 h of visible light illumination. In contrast,
the loading of noble metals can drastically change the cata-
lytic activity. Thus, we confirmed that the alloyed metal can
drastically result in electron density enhancement and also
activate iodobenzene for the coupling reaction.

To discuss the synergistic effects of Au and Pd, a series of
experiments was also performed and the results are summa-
rized in Table 1. In the case of the GO/LDH@Pd catalyst, the
yield rises gradually and reaches up to 35.3%, whereas in the
case of the GO/LDH®@Au catalyst, the yield of biphenyl was
16.4% after 2 h of visible light illumination. The yield of biphe-
nyl was higher in the case of GO/LDH@Pd than GO/LDH®@Au.
This indicates that Pd is the active component but has a low re-
sponsiveness to light during the coupling reaction. Here, GO/
LDH®@AuPd provides the maximum biphenyl yield of 99.5%
under the same reaction conditions for 2 h compared with the
individual mono-metals. This yield was even 1.9 times the over-
all yield of GO/LDH@Au and GO/LDH®@Pd, demonstrating that
the AuPd alloyed sample showed higher catalytic efficiency for
the Suzuki coupling reaction under mild conditions. This was
due to plasmonic Au synergistically improving the aptitude of
Pd collectively with GO/LDH to boost the catalytic activity for
the SCR in less time.

To verify the function of the LDH in the GO/LDH@AuPd
nanocomposite, a coupling reaction was carried out
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Fig. 6 (a) Electrochemical impedance spectra (Nyquist plots) and (b) PL spectra of parent GO/LDH and GO/LDH@AuPd.

separately with the catalyst GO@AuPd, and the reaction re-
sults are given in Table 1. The results indicate that in the ab-
sence of the LDH, a small amount of biphenyl yield was
achieved after 2 h of visible light illumination compared to
the GO/LDH@AuPd nanocomposite. Thus, this confirms that
the presence of the LDH can enhance drastically the photo-
catalytic activity due to its visible-light active semiconducting
properties. Thus, we confirmed that the GO/LDH@AuPd
nanocomposite can drastically result in electron density en-
hancement and can also activate iodobenzene for the cou-
pling reaction.

Furthermore, the effects of the solvent also play a very cru-
cial role in the organic transformation, and the obtained results
regarding the reaction rate are summarized in Table 1. The re-
action was carried out separately with various solvents (such as
DMF/H,O (3:1), EtOH/H,O (3:1) and toluene/H,0 (3:1)) to
study the effects of solvent polarity towards the Suzuki coupling
reaction. The reaction results can be explained on the basis of

polarity (dielectric constant (¢) = 36.7 for DMF, 24.3 for ethanol,
and 2.4 for toluene). Ethanol is shown to be a good reaction
medium for this reaction, whereas non-protic and less polar
solvents, including toluene, are not as suitable for the SCR. Po-
lar aprotic solvents like DMF give a lower yield of the coupling
product. Here, ethanol shows better activity than DMF due to
its amphiprotic nature.** The better activity of the mixed sol-
vent (i.e. EtOH/H,0) may be because of the improved solubil-
ities of the bases and the reactants, because the capacity to dis-
solve bases in water to stimulate phenylboronic acid can
increase the rate of the reaction in the aqueous medium.

To further investigate the spatial arrangement of Au and
Pd and the synergistic catalytic effects, the SCR reaction was
also catalyzed with a blended catalyst in the form of GO/
LDH@Au and GO/LDH@Pd under similar reaction condi-
tions. The mixed alloy catalyst and the blended catalyst
showed zero catalytic activity for the SCR under dark condi-
tions (Fig. 7a). This is due to the fact that in the absence of

Table 1 The effect of various catalysts towards the Suzuki cross-coupling reaction

Photo catalyst
Im(‘03,2 h

Ethanol:H,0=3:1

Catalyst Time (h) Solvent Yield (%) Selectivity (%)
GO/LDH 3 EtOH-H,O (3:1) Trace —
GO/LDH@Au 2 EtOH-H,0 (3:1) 16.4 >99
GO/LDH@Pd 2 EtOH-H,0 (3:1) 35.3 >99
GO@AuPd 2 EtOH-H,0 (3:1) 87 >99
GO/LDH@AuPd 2 EtOH-H,0 (3:1) 99.5 >99
GO/LDH@AuPd 2 DMF-H,0 (3:1) 82 >99
GO/LDH@AuUPd 2 Toluene-H,0 (3:1) 46 >99

Reaction conditions: iodobenzene, 1 mmol; phenylboronic acid, 1.5 mmol; photocatalyst, 0.01 g; base: K,CO3, 3 mmol; 20 mL of solvent (V:V =

3:1); 25+ 5 °C for 2 h.
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Fig. 7 Biphenyl yield (a) using different spatial arrangements of catalyst and (b) depending on the metal ratio of Au: Pd.

light there is poor electron density on Pd. Therefore, charge
transfer from Pd does not takes place for the activation of IB.
However, in the presence of visible light for 2 h, the product
yield of the blended (total of pure) catalyst reached only
47.6%, which almost matched the total of the individual
yields catalyzed by GO/LDH®@Au and GO/LDH®@Pd. Therefore
the total of the pure catalysts shows no increase in catalytic
activity, which specified that there is no charge transfer in-
volved between Au and Pd because of the individual spatial
arrangement of the two noble metals.

We have figured out the importance of the chemistry relat-
ing to the ratio of noble metal loading and how it affects
photocatalytic activity, as shown in Fig. 7b. We have studied
different ratios of Au to Pd nanoparticles in the composite
and found that at a certain ratio (1:1) AuPd bimetal forma-
tion takes place, and this bimetallic modified catalyst shows
better performance. However, an increase in the concentra-
tion of single metal Au or Pd (i.e., at a ratio 1:2 or 2:1) in-
duced a decrease in catalytic activity, which may be due to
the broken nanostructure of the perfect bimetallic alloy at
higher atomic ratios of Au:Pd; in other words, we can say
that surface segregation is a natural phenomenon in bimetal-
lic alloys. Therefore, with a decrease in the content of one
metal, another active domain metal may aggregate, leading
to a reduction in the catalytic activity.

To further draw attention to the superiority of the present
work, a comparison data (Table 2) is given that shows a num-

Table 2 The photocatalytic ability of our system compared to other systems

ber of other similar types of reported works; this shows that
the catalytic activity of our work is superior to other pub-
lished literature results under mild conditions.

Formation mechanism of the alloyed catalyst

The positively charged surface of the LDH gets attached to
the negatively charged GO sheet electrostatically, resulting in
the formation of a stable GO/LDH hybrid. It is quite easy to
switch the surface properties of the formed hybrid, as both
the combined entities are rich in oxygen-containing func-
tional groups, i.e., epoxy, carbonyl and hydroxyl groups are
readily present in GO and hydroxyl groups are present in the
LDH. From our previous report, we revealed that organic moi-
eties get strongly attached to LDH surfaces through surface
hydroxyl groups via covalent bonds (i.e., Si-O-M bond).*
Further, the amine-functionalised composite that is formed
via the interaction of APTS ((aminopropyl)trimethoxysilane)
and the hydroxyl groups of the LDH provides necessary bind-
ing sites for the nucleation of stable Au-Pd bimetallic alloy
nanoparticles. Two things work simultaneously in this syn-
thesis method: first, the hydroxyl groups on the support act
as a bed for alloy deposition; and second, ATPS prevents ag-
glomeration and, hence, stabilises the Au-Pd bimetallic alloy
compared to other preparation techniques.

The science behind the decoration of Au-Pd bimetallic al-
loy nanoparticles on the surface of GO/LDH is shown in

Sample Time (h) Amount of catalyst Yield (%) Light source Light intensity Reference
AuPd/GO/LDH 2 10 mg 99.5 300 W Xe lamp 150 mW cm™>  This work
Pd/Au/PN-CeO, 5 15 mg 98.8% Xe lamp (150 W) (cut off <400 nm) — 14
Au-Pd alloy 6 50 mg 96% Halogen lamp (Nelson, 1 = 400-750 nm) 0.5 W cm™> 15
Au-Pd/TiO, 5 0.0002 mmol Pd 98% 5 W blue LED lamp — 16
Au-Pd@7ZrO, 6 50 mg 96% 500 W halogen lamp (Nelson, A = 400-750 nm) 0.30 W cem > 40
Pd hexagonal nanoplates 3 15 mg 92% Xenon lamp, visible to near-infrared — 43

This journal is © The Royal Society of Chemistry 2019
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Scheme 1 Mechanism of the formation of the GO/LDH@AuPd photocatalyst.

Scheme 1. The gold precursor (HAuCl,) splits into H" and
AuCl,” ions, and the formed H" ions interact with the amine
groups of functionalised GO/LDH resulting in the formation
of ammonium ion. This makes the functional group (APTS)
attached to the surface positively charged, so the negative ion
(AuCl,") can easily bond to the LDH surface. Further, both
metal precursors are added at the same time, but AuCl, in-
teracts first with the positively charged LDH, as Pd exists in
the form of positive ions. However, the Pd ions now get
strongly bound through metallic bonds to the negatively
charged gold particles, resulting in the formation of a stable
AuPd bimetallic alloy. Further, via a galvanic exchange reac-
tion pathway, the chemical reduction priority between AuCl,”
and Pd*" ions is decided, i.e., Au®" with its high redox poten-
tial is reduced first followed by Pd>" ions via the photoreduc-
tion technique (as the reduction potential values are Epwian’
= 1.5 V and Epgpa” = 0.83 V vs. NHE).*® Additionally, based
on the electronegativity concept, electron transfer occurs
from the lower electronegativity Pd atom (2.20) to the higher
electronegativity Au atom (2.54). Therefore, electrons will flow
from Pd to Au until equilibrium is reached in the AuPd alloy
structure, as shown in Scheme 2, which matches well with
the XPS data. Moreover, the high surface area of the GO

Scheme 2 Schematic diagram showing the formation of the alloy.
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nanosheets provides good dispersion of the supported bime-
tallic alloy NPs, which favours the exposure of more active
sites for photocatalytic reactions. Interestingly, due to the
even decoration of the bimetallic alloy on the GO/LDH sur-
face, the catalytic efficiency of the fabricated ternary hybrid
becomes significantly enhanced.

Formation mechanism of RGO and the metal NPs

Upon illumination by light (300 W Xe lamp without a cut-off
filter), the photogenerated holes from the LDH are scavenged
to form ethoxy radicals in the presence of ethanol. At that
time, the accumulated photogenerated electrons are trans-
ported across the GO sheet to reduce functional groups pres-
ent on GO to form RGO; they also combine with metal ions
(Pd** and AuCl,") to produce metal NPs (Pd and Au).>” There-
fore, this process of synthesis is followed by a co-reduction
technique. This type of synthesis is quite important, as both
the metal and GO are reduced in a single step, which is simi-
lar to our recently published paper.*>

Mechanism of the Suzuki coupling reaction (SCR) over the
GO/LDH@AuUPd catalyst

The projected mechanistic pathway justifying the enhanced
photocatalytic performance of the fabricated bimetallic-GO/
LDH composite (GO/LDH@AuPd) toward the SCR (iodo-
benzene and phenylboronic acid) is detailed below
(Scheme 3). The triggered visible light assisted SCR involves
the cleavage of the C-I bond in iodobenzene and the stimula-
tion of its coupling partner (phenylboronic acid), which ulti-
mately results in biphenyl formation. The above process pro-
ceeds via (a) oxidative addition, (b) transmetallation and (c)

This journal is © The Royal Society of Chemistry 2019
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Scheme 3 A possible reaction mechanism where iodobenzene is activated via electrons on the Pd NPs and the coupling partner phenylboronic
acid is activated via holes from the LDH. The redox activated groups then get together to couple and form the final product.

reductive elimination. A full overview of how the visible light
stimulated SCR between iodobenzene and phenylboronic
acid is performed is described as follows. As bimetallic alloy
formation takes place over both the LDH and GO surfaces,
the SCR commences on both 2D surfaces, which leads to
higher catalytic activity. Pd from the alloy acts as the main re-
action site, whereas Au has nothing to do with the reaction;
its only role is to absorb visible light through the LSPR ef-
fect,*®?° resulting in the generation of hot electrons, which
later on are injected into its alloy counterpart Pd, ie., Au
loses d-electrons and Pd gains d-electrons, and these
d-electrons are vital in the processes of chemisorption and
catalysis. Moreover, the hot electrons produced by the gold

Jacuum

Oau=53eV ||} e Lk OPd=5.6eV

hv

() Alloy

/e

Pd

Activate the
reactant molecule

Scheme 4 The plasmonic behaviour of the AuPd alloyed NPs towards
the activation of the reactant molecules.

This journal is © The Royal Society of Chemistry 2019

NPs also have the chance to be inserted into the CB of the
LDH. However, the hot electrons are more easily introduced
into Pd because of the equilibrium chemical potentials of
electrons in Au and Pd NPs. This promising electron move-
ment has also been confirmed both through earlier research
and theoretical calculations.*’

The electrons accumulated on Pd are used in the coupling
reaction resulting in a decrease in the electron density over
Pd, which is supplemented by the generated hot electrons.
This electron transfer causes the generation of more Au" ions
that need to be converted to metallic gold (Au), otherwise the
catalytic efficiency of the composite will be reduced. Now the
role of the LDH component of the composite comes into
play, as we know that the LDH harnesses visible light. There-
fore, under light illumination the LDH get photoexcited and
transfers some of its photoelectrons directly to the alloy (the
Au/Pd alloy formed on the LDH surface) and a few photoelec-
trons via GO to the alloy (the bimetallic alloy nucleated on
the GO surface); these ultimately regenerate Au from Au' and
so the catalytic activity is maintained. Now, under visible
light illumination, the Au NPs (present on the LDH and GO)
capture irradiated photons and produce hot electrons via the
LSPR phenomenon. These electrons then migrate to the Pd
nanocatalyst (both over the LDH and GO) and enrich its
electron count. Further, Pd with its high electron concentra-
tion sensitizes the iodobenzene C-I bond and initiates the
first step of the SCR, i.e., oxidative addition resulting in the
formation of ArPd"I species. At the same time, exciton

Catal Sci. Technol.,, 2019, 9, 4678-4692 | 4689
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Fig. 8 (a) A reusability study over five successive runs of the SCR
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generation takes place on the LDH via absorbing irradiated
photons. Moreover, the accumulated holes in the valence
band (VB) of the LDH activate the coupling partner of the re-
action, ie., phenylboronic acid, through breaking the C-B
bonds.** Likewise, the photoexcited electrons in the conduc-
tion band of the LDH get injected to directly attached Au and
through the GO n-skeleton to Au in the bimetallic framework,
where Au’ is converted to Au and is ready to produce hot
electrons. In the final step, the oxidised phenylboronic acid
(in the VB of the LDH) moves to Pd territory, where the previ-
ously activated iodobenzene is located (ArPd"1), and the cou-
pling reaction occurs, producing biphenyl.

Moreover, in order to prove this mechanism, we have car-
ried out scavenger testing, to investigate the importance of
the active species (h" and e) in the photocatalytic Suzuki
coupling reaction. Scavenger experiments were carried out by
taking DMSO as an electron trapping agent and citric acid as
a hole scavenger, separately under the same reaction condi-
tions; this resulted in very minimal product yields, i.e., 23%
and 17%, respectively, as proved via GC analysis. Moreover,
after capturing both electrons and holes upon the addition of
both scavengers, only trace amounts of the biphenyl product
were obtained. These experiments led to the conclusion that
both the holes and electrons are important for activating
phenylboronic acid and iodobenzene, respectively, for the for-
mation of the target product. Similar types of experiments
have been carried out by Wang et al.**

Additionally, Scheme 4 explains the detailed plasmonic
behaviour of AuPd alloyed NPs towards the activation of the
reactant molecules. As is well known, the work function of
Pd (®pq = 5.6) is slightly larger than the work function of Au
(Pau = 5.3). Then, following the irradiation of the alloyed
nanostructure by visible light (when the two metals are in
contact with each other), energetic electrons will flow from
Au to Pd in order to achieve equilibrium (@,4y), creating an
equal chemical potential gradient. As a result of this charge

4690 | Catal Sci. Technol., 2019, 9, 4678-4692
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redistribution, Pd atoms become electron rich and Au atoms
become electronically deficient. This heterogeneity in charge
distribution enhances the interactions between AuPd alloyed
nanoparticles and the reactant molecules (i.e., iodobenzene).
Thus, the bimetallic plasmonic AuPd is otherwise known as a
plasmonic hybrid photocatalyst.

Stability and reusability

Durability and reusability are generally essential aspects of
heterogeneous photocatalysts. After the photocatalytic Suzuki
coupling reaction, the AuPd@GO/LDH catalyst was recovered
from the reaction mixture by means of centrifugation and
recycled for use under similar reaction conditions. As illus-
trated in Fig. 8(a), the photocatalyst was used to perform five
successive repeat cycles without any significant decrease in
yield in the coupling reaction. This demonstrates the reus-
able nature of the coupled reaction system under mild condi-
tions. Moreover, Fig. 8b shows that there are no noticeable
changes in the XRD peak before and after the catalytic cy-
cling. The unaltered crystal lattice of the used AuPd@GO/
LDH photocatalyst illustrates its stability.

Conclusions

With the consideration of enhancing photocatalytic activity,
here the loading of bimetallic AuPd NPs on a GO/ZnCr LDH
hybrid support has been suggested. This hybrid support has
materialized as a novel star material and has been demon-
strated to show healthy chemical surroundings for the nucle-
ation and crystal growth of active AuPd alloyed species with
combined nanoarchitecture effects. The alloy nature, crystal
structure and morphology of the obtained hybrid nano-
architectured GO/LDH@AuPd composite were characterized
via various sophisticated techniques. Harnessing the
plasmon active Au metal with Pd promotes a solar to chemi-
cal energy conversion process. Such a blended architecture

This journal is © The Royal Society of Chemistry 2019
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enhances the individual roles of the components in the
photocatalytic process. The presence of a visible-light active
support plays a vital role in increasing the electron density
over Pd atoms to activate iodobenzene, while the remaining
holes in the LDH stimulate the coupling partner
phenylboronic acid for the Suzuki coupling reaction. This
multifunctional photocatalyst, associated with the full utiliza-
tion of photogenerated electrons and holes, inspires elevated
photocatalytic activity. The durability of the photocatalyst has
also been verified via performing five consecutive runs with-
out any clear loss of activity. We expect that further exploita-
tion is required for the direct harvesting of visible light by hy-
brid nanocomposites for other photocatalytic organic
transformation reactions.
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