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We report a simple eco-friendly green synthesis of self-assembled (SA) Pt nanoparticles, forming 2D sub-mi-
crometric structures, from Coffea Arabica seed (CAS) extract. Small ("2 nm) spherical Pt nanoparticles organized
in the form of square/rectangular shaped 2D superstructures, have been utilized as efficient reusable catalysts for
the reduction of industrial pollutants such as 4-nitrophenol (4-NP), methylene blue (MB) and their mixtures in

-1

aqueous medium (as well as in adsorbed state), with the activity parameters 0.75, 0.68 and 0.94 s 'mg~?,
respectively. The green process utilized for the fabrication of platinum superstructures in the present work could

be extended for the fabrication of other metallic superstructures for efficient reusable catalytic reduction of

organic contaminants.

1. Introduction

Self-assembled (SA) metal nanoparticles with unique optical and
detection/sensing functionalities, have been used for electronics, bio-
medicine and catalysis [1-4]. Although, it is challenging to develop
simple and sustainable approaches for the synthesis of SA nanos-
tructures, some groups have demonstrated the fabrication of two-di-
mensional (2D)/ three-dimensional (3D) superstructures [5], such as
nanowires/tubes [6], nano-rods [7] and core-shell structures [8]. While
the nanoparticles of Pt and their bimetallic alloys, supported on carbon
nanotubes and metal oxides (SiO,, TiO, and Al,O5), have been utilized
successfully in catalysis, batteries, fuel cells and gas diffusion electrodes
[9,10], chemically synthesized self-assembled Pt nanostructures (na-
nocube, cuboctahedral, octahedral), have been tested as efficient
electro-catalysts for the oxidation of methanol and ethanol [9], ad-
sorption and desorption of hydrogen, hydrogenation of ethylene, ben-
zene and p-nitrophenol [11-20].

In general, chemical synthesis routes use toxic chemicals and high
temperatures [21-23], so the efforts have been devoted to develop
novel, cost effective, simple and biocompatible methods for the
synthesis of self-assembled and reusable platinum nanoparticles. Al-
though Yongsoon et al., [24], reported the green synthesis and char-
acterization of self-assembled Pt nanoparticles to form nanowires in an
aqueous glucose solution at pH 8.0 using hydrothermal treatment at
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100 °C, they weren’t demonstrated for any possible catalytic applica-
tion. On the other hand, Stefanos et al., [25] reported the chemical
synthesis of hydrophilic Pt nanoflowers for their application as reusable
catalyst and the performance was verified towards the reduction of 4-
NP. Qianli et al., [26], fabricated an ordered mesoporous CeO,-sup-
ported reusable Pt nanocatalyst and demonstrated its efficiency for the
reduction of 4-NP. Jyun-Guo et al., [27], synthesized poly(diallyldi-
methylammonium chloride) [PDDA]-stabilized platinum nanoparticles
(NPs) for the efficient reduction of 4-NP. Yunus et al. [28], reported
highly efficient and reusable Pt/Rh nanoparticles confined in Graphene
Oxide layered structures for methylene blue removal from aqueous
solutions. Hakan et al., [29], fabricated reusable activated carbon
furnished monodisperse Pt nanocomposites as adsorbent for methylene
blue removal from aqueous solutions. Lingyun et al. [30], reported the
use of monodisperse CuFe,O4 nanoparticles for the selective degrada-
tion of methylene blue from mixed aqueous solutions of organic dyes.
Yang et al., [31] reported modular polyoxometalate-layered double
hydroxide composites for the catalytic degradation of a mixture of
rhodamine B, methylene blue and crystal violet.

In the present work, we demonstrate a simple, sustainable, and
green approach for the synthesis of monodispersed Pt nanoparticles and
their self-assembly using Coffea Arabica seed (CAS) extract both redu-
cing and stabilizing agent. The oxidized protocathechuic acid (quinone)
groups of CAS extract work as effective ligand for the self-assembly of
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monodispersed Pt nanoparticles. The non-covalent interactions be-
tween the organic-inorganic moieties along with cooperative hydrogen
bonds between the macrocycles not only provide the required stability
to the formed Pt nanoparticles, but also help them to assemble in two-
dimensional super-structures. The square and rectangular shaped stable
2D superstructures have been tested for the degradation of organic
pollutants such as 4-nitrophenol (4-NP), methylene blue (MB) and their
mixtures, both in their aqueous solution and in adsorbed state. The
catalytic efficiency of the proposed self-assembled structure has been
found to be higher than the already reported reusable catalysts.

2. Materials and methods
2.1. Materials

Chloro-platinic acid (H,PtClg*H,O, Sigma Aldrich, 99.9%), 4-ni-
trophenol (4-NP, Sigma Aldrich, 99.5%), Methylene blue (MB, 99%),
sodium borohydride (NaBH,, Sigma Aldrich, 98%), silica (Sigma
Aldrich, 99.9%) and all other reagents were of analytical grade, and
utilized as received. Green Coffea Arabica Seeds (CAS) were collected
from the local market of Cuernavaca city, Morelos state, Mexico.
Double distilled (DD) water was utilized throughout during the synth-
esis process.

2.2. Preparation of CAS extract

CAS, collected from the local market, were dried, grinded to fine
powder, and stored in ambient conditions. For the preparation of CAS
extract, 0.6 g of finely ground CAS powder was mixed with 50 mL of DD
water and kept at =85 °C for 35 min. The extract was filtered using a
0.2 um cellulose nitrate filter paper (CNFP). The natural pH of the ob-
tained CAS extract was found to be =6.

2.3. Preparation of self-assembled platinum superstructures

An aqueous platinum ion solution (0.01 M H,PtClg) was added to
25 mL of boiling CAS extract in 1:5 volumetric ratio under constant
magnetic stirring. In about 30 min, the color of the solution changed
from brown to black, indicating the reduction of Pt ions and formation
of Pt nano-/microstructures. The formed Pt nano-/microstructures were
separated and washed 2-3 times by centrifugation and re-dispersed in
DD water for their characterization.

The formation of Pt nanoparticles from stepwise reduction of the
platinum salt (H,PtClg) by CAS extract can be represented as follows:

Pt** [H,PtClg] — Pt° [Pt°-CAF extract] —Pt° (¢

2.4. Characterization

UV-vis optical absorption spectra of the colloidal structures (100 pL
of SA-PtNPs in 2 mL of DD water) along with the CAS extract (0.06 g/
10 mL) and platinum ion (1 mM) solution were recorded using Perkin-
Elmer Lambda 950 UV-vis dual beam spectrophotometer. A JEOL JEM
2100 transmission electron microscope (TEM) operating at 200 kV ac-
celerating voltage and a Hitachi SU5000 Schottky field emission scan-
ning electron microscope (FESEM) operating at 20 kV, were utilized to
study the morphology, size, and elemental composition of the fabri-
cated superstructures. For TEM and FESEM analysis, the diluted (1000
times) sample was sonicated for 1 h before drop casting onto a Cu grid
and aluminum sample holder for TEM and FESEM analysis, respec-
tively. X-ray diffraction (XRD) pattern of the fabricated structures (as-
prepared SA-PtNPs powder) was recorded in a Bruker D8 Advance eco
diffractometer after drying them at room temperature. A Varian 660
Fourier transform infrared (FT-IR) spectrophotometer with ATR acces-
sory was utilized to investigate the constituents of CAS powder and the
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functional groups at the surface of fabricated platinum superstructures
(in powder form). Dynamic light scattering (Malvern zetasizer, Model
nano ZS) technique was used to determine the average size and size
distribution of the fabricated superstructures. The DLS measurements
were performed using 100 times diluted as-prepared SA-PtNPs. UV-vis
absorption spectroscopy was additionally utilized to verify the pro-
posed formation mechanism and to study the effect of solution pH on
the disassembly/defragmentation of the self-assembled superstructures.

2.5. Catalytic conversion of industrial organic pollutants

Catalytic activity of the fabricated Pt superstructures (self-as-
sembled Pt nanoparticles, SA-PtNPs) in the degradation of industrial
pollutants in aqueous systems, with NaBH, as reducing agent, was
studied over typical organic pollutants 4-nitrophenol (4-NP) and me-
thylene blue (MB), individually as well as in the mixture (4-NP + MB)
form. Under the used experimental conditions, a complete reduction of
the organic pollutants (4-NP and MB) was not observed by the simple
addition of either NaBH, or SA-PtNPs individually.

For catalytic tests, 1 mM aqueous solutions of 4-NP and MB were
prepared by dissolving 0.278 mg and 0.639 mg of corresponding pre-
cursors in 2 mL of DD water, respectively. Then 0.76 mg of NaBH, was
added to 2 mL of the dye solution (0.1 M). After about 10 min, 10 uL of
SA-PtNPs (stock solution with 8 mg/mL) was added to the mixture.
Apart from the visual color change (from pale yellow to dark yellow,
followed by a complete change to transparent solution) the degradation
of 4-NP was followed by monitoring the intensities of the characteristic
absorption bands associated to 4-NP (around 317 nm; color: pale
yellow) and 4-nitrophenolate ions (around 400 nm; color: dark yellow).
For MB, apart from the visual color change from blue to transparent, the
decrement in the principal absorption bands located around 295 and
662 nm were monitored.

To evaluate the catalytic efficiency of SA-PtNPs in the degradation
of MB in adsorbed state, 2 mL of 1 mM MB (same as the tests performed
in liquid form) was adsorbed onto 30 mg of silica. For mixed NP and MB
degradation in adsorbed form, the exactly same amount and con-
centration (as the liquid samples mentioned above) of NP and MB were
drop-casted onto 30 mg of silica, and dried under ambient conditions.

The reusability of platinum superstructure (SA-PtNPs) catalysts in
cationic dye degradation was tested by recovering them from the re-
action mixtures through centrifugation at the end of each run, washing
with ethanol (96%) and twice with DD water. The extracted SA-PtNPs
were redispersed in DD water (0.8 mg/100 pL) and utilized in a fresh
reaction solution. After each reaction cycle, the supernatant solutionleft
after the extraction of the particles, was characterized to evaluate the
degradation efficiency of the catalyst. The reusability tests were per-
formed over 5 cycles.

3. Results and discussion

The reduction of Pt** ions by the boiling CAS extract and formation
of Pt superstructures were initially monitored by recording the optical
absorption spectra of as-prepared CAS extract, boiled CAS extract, and
the colloidal solution of Pt structures after extracting them from the
reaction solution. As can be seen in Fig. 1, the UV-vis absorption
spectrum of as-prepared CAS extract has strong absorption in the UV
region, with two clear absorption bands peaked around 273 and
320nm. While the CAS extract revealed no absorption band after
boiling, the Pt particles formed after the reduction of the Pt salt by CAS
extract revealed two absorption bands peaked around 267 and 328 nm.
It can be noticed further that the position of these absorption bands do
not match with the absorption bands of the as-prepared CAS extract,
indicating their distinct origin. As the colloidal Pt nanoparticles man-
ifest broad absorption in the UV-vis spectral region with no distinct
absorption peak in 250-500 nm range [32,33], the absorption bands
appeared in our CAS extract reduced Pt structures might be the result of
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Fig. 1. UV-vis absorption spectra of freshly prepared filtered CAS extract, CAS
extract after boiling (filtered) and the aqueous colloidal solution of SA-PtNPs
(centrifuged and re-dispersed).

near field coupling between the surface plasmons of adjacent nano-
particles due to the transfer and confinement of electromagnetic energy
as has been observed by Zhang et al. for PtNPs incorporated in photonic
crystal made of spherical silica particles [34]. The strength of electro-
magnetic coupling in nanoparticle assembly is known to be controlled
by the inter particle spacing and the dielectric constant of the medium.
Additionally, the symmetry of nanoparticle arrays has been reported to
determine the spatial distribution of charge polarizations and hence the
splitting of plasmon bands of the assemblies [35].

As can be noticed from Fig. 2a, the XRD pattern of the fabricated Pt
nano-/microstructures revealed several broad diffraction peaks at 40.8,
45.8, 67.1, 81.6 and 85.8° correspond to the (111), (200), (220), (311)
and (222) planes of Pt in fcc phase (JCPDS file No. 04-0783), respec-
tively. The sharp bands revealed around 28.5, 50.4, 58.9 and 73.8°
correspond to graphitic carbon, probably appearing from the degrada-
tion of biomass contained in the CAS extract. Appearance of such sharp
diffraction peaks associated to carbon in the XRD pattern has also been
observed by Vardon et al. [36,37] for activated carbon and commercial
Pt/C catalysts. As can be noticed, the diffraction peaks associated to Pt
in the XRD pattern are broad, indicating the formation of small Pt
particles. The average crystallite size (D) in the formed Pt submicron
structures (revealed and explained as self-assembled PtNPs in the latter
part of the discussion), calculated using (111) plane with Scherer re-
lation D = 0.9\/Pcos (6), was 2.0 * 0.1 nm.

Self-assembly and the formation of macroscopic Pt superstructures
in the sample can be clearly observed in the SEM image presented in
Fig. 2b. Formation of 2D superstructures of square and rectangular
shapes of 0.21-0.65um in length and 0.20-0.46 um in width is very
clear in the image. In order to identify the structural arrangement of the
superstructures, they were analysed by TEM. Interestingly, TEM images
(Fig. 2c) revealed the superstructures consist of very small spherical
platinum nanoparticles of about 2nm diameters (monodispersed
PtNPs). Fig. S1 in electronic supporting information (ESI) shows the
corresponding particle size distribution measured over 200 NPs from
the HRTEM images (Fig. 2c). The HRTEM image and selected area
electron diffraction (SAED) pattern (insets, Fig. 2c) of the PtNPs re-
vealed their high crystallinity, with estimated inter planer spacing d of
0.225 nm, corresponding to (111) planes of Pt in fcc phase (JCPDS No.
04-0783). EDS spectra recorded on the Pt superstructures revealed only
the Pt and C signals (Fig. 2f), confirming the presence of carbonaceous
matter in the sub-micrometric Pt structures. In Fig. 2(d-f), typical
secondary electron image (SEI) of a superstructure, along with Pt and C
distributions (elemental mappings) over it are presented. As can be
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seen, both Pt and C are uniformly distributed over the superstructures.
The results indicate a direct contribution of the oxidized biomolecules
of CAS extract in the formation of Pt superstructures through a possible
intermolecular hydrogen bonding between each functionalized nano-
particle as illustrated in Fig. 3. In order to further confirm the absence
of individual PtNPs in the sample and quantify the average dimensions
of the self-assembled Pt superstructures, dynamic light scattering (DLS)
technique was employed (Fig. S2 in ESI). The DLS spectrum presented
in Fig. 2f clearly demonstrates the absence of individual PtNPs in the
sample and formation of sub-micrometric superstructures with average
hydrodynamic size of approx. 290nm (Z-average). (A broad peak
formed with an apparent combination of two peaks (when de-con-
voluted): one having a maximum at approx. 180 nm and the other at
around 500 nm in close proximity with the width and length measured
from the SEM images (Fig. 2b)]).

For the fabrication of 2D platinum superstructures, we utilized an
aqueous solution of CAS extract. The organic extract acted both as re-
ductor of Pt** ions in the aqueous solution of H,PtCly and stabilizing
agent for the formed PtNPs. As has been reported by Tang et al. [38,39],
aqueous CAS extracts contain phytochemicals with one or more hy-
droxyl groups. Detailed possible formation mechanism for self-as-
sembled platinum nanoparticles is presented in the supplementary in-
formation as Scheme S1 to S5.

A close proximity of such organic molecule-capped metal NPs re-
sults in the formation of well-defined organic-inorganic network or a
lattice through intermolecular hydrogen bonding between the hydroxyl
groups of the ester molecule and oxygen atoms of the quinones, as
shown schematically in Fig. 3.

The above-mentioned hypothesis of self-assembled structures was
verified via defragmentation performed as a function of pH. As the
original pH of the CAS extract was ~ 6, the centrifugation and re-
suspension of the particles in DD water reveals a pH of around 6.5.
Increasing the pH to more than 7.5 is found to defragment the sub-
micron sized SA-PtNPs (absorption studies are given as Figure S3 in
ESD).

To verify the mechanisms proposed for the formation and self-as-
sembly of PtNPs, FTIR spectra of the freshly grinded CAS powder, (Fig.
S4a; ESI) and the fabricated Pt superstructures (rinsed, filtered and
dried) were recorded from 600 to 4000 cm ~ ! spectral range. As can be
noticed, the FTIR spectrum of the as-prepared CAS pow-der revealed a
broad absorption band in between 3000 and 3500cm ™', peaked
around 3345 cm ™, which can be attributed to the hydroxyl groups of
polyphenolic com-pounds in CAS powder, forming part of the biomass
around the PtNPs. The noticeable reduction in intensity of this band and
its lower energy (3300 cm™?) shift in the FTIR spectrum of Pt super-
structures (Fig. S4b, ESI) indicate not only the presence of organic
biomass around the formed PtNPs, but also the participation of proto-
cathechuic acid in the reduction of Pt** ions and its subsequent oxi-
dation.

The absorption bands at 2925 and 2851 cm ~ ! in the FTIR spectrum
of CAS powder can be associated to the asymmetric and symmetric
stretching vibrations of the C-H bond of protocathechuic acid and
polyphenols, which reduced substantially after the reaction due to
oxidation and esterification, respectively. A drastic reduction in in-
tensity of the C-H stretching in the FTIR spectrum of the SA-PtNPs (Pt
superstructures) clearly demonstrates the participation of proto-
cathechuic acid in the reduction process of Pt** ions. The weak ab-
sorption band appeared around 2350 cm ™! both in FTIR spectrum of
CAS extract and SA-PtNPs samples is associated to out of phase
stretching vibration of —COO—.

The band appeared around 1701 cm™! for the SA-PtNPs sample
correspond to the C=O stretching vibration of 1, 2-benzoquinone
moiety present in the oxidized protocathechuic acid. On the other hand,
the absorption band appearing around 1558 cm ™' correspond to the
out-of-phase stretching vibration of the carboxylate group of proto-
cathechuic acid, bonded to the Pt NPs. The band at 1072cm™!
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Fig. 2. (a) XRD spectrum, (b) typical SEM image, (c—f) typical TEM and HRTEM images of SA-PtNPs and (g) the EDS spectrum of SA-PtNPs revealing the presence of
Pt (Ma) and Carbon (Ka). Presence of copper is seen due to the copper grid used to disperse the particles. A typical HRTEM image of constituting individual Pt NPs

showing their crystalline lattice fringes, and corresponding selected area electron diffraction (SAED) pattern is shown as inset of (f).

Fig. 3. Schematic presentation of the formation of organic-inorganic network (lattice) through intermolecular hydrogen bonding between the organic functional

groups and the formation of 2D self-assembled Pt superstructures.
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corresponds to the out of phase C—C-O stretching vibration in the
polyol [40]. Finally, the appearance of absorption bands around 1240
and 750 cm ! in the SA-PtNPs sample, which correspond to the C-O
stretching vibration and the C-H wagging vibration in the aromatic ring
of the phenol, clearly indicates the participation of phenolic compounds
of CAS in the formation of Pt superstructures.

3.1. Catalytic degradation of industrial organic pollutants

Self-assembled nanostructures have shown fascinating prospects in
the removal of organic pollutants from contaminated industrial air and
water due to the ease of their reusability and enhanced efficiency
[41-43]. In the present case, the Pt superstructures consisting biomass-
capped small PtNPs provide high surface area, which facilitates the
transportation of organic pollutant molecules and ions. The extensive
surface area as well as the surrounding biomass of SA-PtNPs may ad-
ditionally facilitates the adsorption and successively the reduction of
industrial organic pollutants. Moreover, both electrostatic and n- 7
interaction between the biomass capped Pt superstructures and the dye
molecules can be exploited to take full advantage of such materials in
dye adsorption. As carbonatious biomass can provide negative surface
charges owing to deprotonation of oxygen containing functionalities,
they are expected to reveal extraordinary adsorption capacity for ca-
tionic dyes. On the other hand, the unique morphology and macro-
scopic size of the superstructures offer additional advantages for pol-
lutant separation and recycling. To verify the catalytic activity of the
fabricated Pt superstructures in organic pollutant degradation, they
have been tested for the degradation of 4-NP, MB, and 4-NP + MB
mixtures in their aqueous solutions.

3.2. Catalytic degradation of 4-NP by Pt superstructures

Metal nanostructures are well-known catalysts for the degradation
of pollutant organic molecules such as 4-NP. One of the limiting factors
that determines their catalytic efficiency is the rapidity of charge ex-
change/transport, apart from their adsorption and reduction capacities.
As the Pt superstructures fabricated in the present study contain car-
bonaceous biomass, they are expected to have a good charge trans-
portation ability. On the other hand, due to their inherent structural
configuration (consist of self-assembled Pt NPs of small sizes), they are
expected to capture higher number of pollutant molecules at their
surfaces.

An aqueous 4-NP solution of pale yellow color reveals a strong
characteristic absorption band around 318 nm (Fig. 4a inset) in its
UV-vis absorption spectrum. However, addition of NaBH, in this so-
lution results in a visual color change (pale yellow to intense yellow)
due to the formation of 4-nitrophenolate ion, with characteristic ab-
sorption band around 401 nm (Fig. 4a). After the addition of the cata-
lyst (SA-PtNPs, 80 ug), the intensity of the absorption band decreased
rapidly. Meanwhile, a new absorption band (peaked around 298 nm)
appeared, indicating the formation of 4-AP (4-aminophenol) from 4-NP
reduction [44,45]. The intensity of this (298 nm) absorption band in-
creased with the increase of reaction time. The high reduction rate of 4-
NP ion at the initial 60 s was probably due to the availability of active
catalytic sites in high concentration at the initial stage. After initial
adsorption/attachment of 4-NP ions, the number of free binding sites at
the surface of the superstructures decreases, resulting in a slower re-
duction rate of 4-NP. Finally, the reaction stops with a visual color
change from dark yellow to colorless within 240s (photo-graphic
images of step by step reduction process are shown in Fig. S5 in ESI).
The kinetics of the reduction reaction were analyzed using pseudo-first-
order reaction, i.e., In (C,/C,) = -kt; where Cy and C, denote the initial
concentration of organic pollutant and at time t, and k is the rate
constant. As can be seen in Fig. 4d, the In (C./C,) vs t curve follows a
linear relation with linear regression factor R? = 0.996. The first order
reaction rate constant estimated from the slope of the linear fit was
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k = 6.0 x 10725~ 1. Table 1 presents the comparison of the fabricated
Pt superstructures with different types of Pt nanostructures and its
composites as catalysts employed by different groups for the reduction
of 4-NP.

Apart from that, calculated activity parameter, using the relation k’
= k/m (where m is the catalyst mass) was 0.75 s~ mg~?, which is
considerably higher than the reported activity parameters of nanos-
tructured Pt thin film (61.87 x 10”2 s™'mg™1) and pure bulk Pt
(3.22x1072 57! mg’l) [44,45]. The 4-NP reduction/degradation
capacity (at time t) of the catalyst Q, = (Ay — A * M/ m (where A is
the initial concentration and A, is the final concentration of 4-NP at
time t, m and M are the masses of catalyst and the organic pollutant
solution, respectively) was calculated to be 17.37.

3.3. Catalytic reduction of methylene blue (MB) by Pt superstructures

The catalytic performance of SA-PtNPs was explored in the reduc-
tion of MB (0.278 mg) in the presence of NaBH, (0.76 mg) as a strong
reducing agent utilized in the reduction of 4-NP as well. An aqueous MB
solution shows absorption bands at 295 and 662 nm (Fig. 4b). With the
addition of NaBH4, no visual change was observed in absorption spec-
trum or color of the MB solution. After the addition of catalyst (80 pug),
the intensity of the absorption peaks corresponding to both the bands
(295 and 662 nm) decreased rapidly. Within 60 s MB solution became
colorless (photographic images shown in Fig. S5 in ESI), indicating its
complete degradation and the formation of lueco MB (LMB) (Fig. 4b).
The ultra-fast reduction of MB has been attributed to the presence of
carbon in the catalyst (presence of carbon was confirmed by XRD, EDS
and FTIR studies). The kinetics of MB reduction was analyzed using
pseudo-first-order reaction (R? = 0.993; k =5.447*10"2 s1), ob-
taining an activity parameter (k' = k/m) of 0.68 s~ mg ™. Similar to
4-NP, the reduction/degradation capacity (at time t) of MB was cal-
culated from Qt = (Ap— Ay * M/m (Ao and A, being the initial and final
concentrations (at time t) of MB; m and M are the masses of catalyst and
the MB solution, respectively) to be 39.87. As can be observed in
Table 2, the MB reduction activity of the Pt superstructures is sub-
stantially high in comparison to the MB reduction capacity of other Pt
and non-Pt based catalysts reported in the literature.

3.4. Catalytic reduction of 4-NP + MB mixed pollutants

A 4-NP + MB mixture (0.135mg of each in 1:1 proportion) was
reduced by NaBH, (0.760 mg) in the presence of SA-PtNPs. Addition of
NaBH, to the dye mixture results in a visual color change (photographic
images are shown in Fig. S5 in ESI). The absorption spectrum of the
mixture (4-NP + MB) solution revealed sharp absorption bands around
295, 401 and 661 nm (Fig. 4c) after the addition of NaBH,4. Addition of
the catalyst (80 pug) caused a significant intensity decrease for all three
absorption peaks. As can be noticed, within 40s (after catalyst addi-
tion), the 661 nm absorption band of MB disappeared completely, in-
dicating a complete degradation of MB to LMB. However, the intensity
of the 401 nm ab-sorption band, which corresponds to 4-nitrophenolate
ions, decreased close to zero in 300 s (the solution became colorless),
with the positive evolution of a band corresponding to 4-AP at 298 nm
(Fig. 4c). As can be noticed, it took a bit longer for the degradation of 4-
NP in the 4-NP + MB mixture in comparison to its degradation in ab-
sence of MB. While the reaction in the present case also followed a
pseudo-first-order reaction kinetics, estimated regression factor (R,
reaction constant (k), and activity parameter (k”) were R? = 0.995;
k=7.57*10"2% s! and k" =0.94 s"'mg~", respectively. The me-
chanisms involved in the reduction of organic pollutants are schema-
tically depicted in Fig. 5.

The ultra-fast reduction observed both for MB and 4-NP is attributed
to the high electrostatic interaction be-tween negatively charged SA-
PtNPs and positively charged MB/4-NP along with the - 7t interaction
induced adsorption of MB/4-NP on the SA-PtNPs micro-structures. As
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Fig. 4. Absorption spectra of industrial pollutants as a function of time (a) 4-NP, (b) MB, (c) 4-NP + MB mixer and (d) kinetics of 4-NP, MB and 4-NP in 4-NP + MB

mixer.

an ideally planar molecule, MB can be readily adsorbed through m-m
electron donor acceptor interactions between the aromatic backbone of
MB and the carbon from biomass. The high reduction capacity and fast
reduction rate of MB and 4-NP over the Pt superstructures probably
resulted from the physisorption of organic molecules onto carbonac-
eous biomass and high reduction ability of the constituent PtNPs. As
compared to the other promising catalysts reported in the literature
(Table 3), SA-PtNPs reveal 100% reduction of both the organic pollu-
tants in a very short span of time with relatively less amount of catalyst.

Table 2
Comparison of MB reduction capacity of SA-PtNPs with other reported cata-
lysts.

Catalyst Reduction capacity Reference
&h
Fe;04,@PDA 0.169 [50]
Pt/Rh Nanoparticles 0.347 [51]
Carbon furnished monodisperse Pt 0.196 [29]
nanocomposite
SA-PtNPs 39.87 Present work

Table 1

4-Nitrophenol (4-NP) reduction (to 4-AP) capacity of the fabricated Pt superstructures in comparison with other reported catalysts.
Catalyst Amount of PtNPs Cnagu4:Canp Reduction time (sec) Rate constant (sec ™) References
Pt Nano flowers 0.25mg/ mL 10:1 6000 7.0 x 10" [46]
Pt/meso-CeO, 1.0 mg/mL 10:1 480 6.03 x 107° [26]
Pt/nano-CeO, 720 4,07 x 1073
C-PtNPs 2.9mg/mL 42:0.14 3600 5.0x 1074 [27]
P-PtNPs 60 3.0 x 1072
Pt-Fe,03 Micro flowers 5.0mg/- 100:1 720 0.24 min~?! [47]
Core Shell Ag@Pt NPs sepiolite (Ag:Pt = 1:2) 0.1g/- 40:0.2 900 (96% reduction) NR [48]
PtSnZn nano sheet (Pt:Sn:Zn = 3.3:2:1) 15:0.2 500 4.66 x 1073 [49]

3.8 ug/-

SA-PtNPs 0.8 mg/mL 100:1 240 6.0 x 1072 Present work

NR = Not reported.
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Fig. 5. Schematic presentation of the plausible mechanisms involved in the reduction of industrial pollutants in liquid samples.

Table 3
Comparison of catalytic activity (reduction capacity) of SA-PtNPs with other catalysts for the reduction of mixed pollutants.
Catalyst Mixed pollutants Amount of catalyst % of reduction Time (min) Reference
CuFe;04 NPs MB/MO 8.05 mM 100/10 + 2 15 [30]
MB/R6G 100/40 + 1 18
MB/RB 100/50 + 3 15
AuNPs embedded into magnetic carbon MB/MO 8.0 mg/mL 100/10 = 2 14 [52]
MB/R6G 100/20 + 3 14
Nanocages MB/RB 100/ 7 = 2 14
PLDH Composites RB/CV/MB 50.0mgL ™" 100/100/100 320 [53]
SA-PtNPs MB/4-NP 0.8mgL ! 100%/100% 5 Present work
1 2 3 4 N 3.5. Reusability tests of Pt superstructures in the reduction of 4-NP, MB
T T T T
2 4-NP mMB aNP+mB || o and 4-NP + MB
s — The reusability of SA-PtNPs in catalysis was studied by repeated use
%7 1 of the catalyst for several times (Fig. 6). One significant advantage of
Q 2N 7 s th bled particles is their facil imply by centrifugati
L }5 /é é /; e assemble particles is their facile recovery simply by centrifugation.
= %é % The conversion percentage of 4-NP, MB and 4-NP + MB revealed an
=] i G .. o . .
‘B 1; Z? é 1 90 insignificant decrease of about 2% after 3 cycles, con-firming the pos-
4 | Z ; //4 sible application of SA-PtNPs as an excellent reusable catalyst. This can
£ | G . - o
S { Z% 7 be attributed to the assembled nature of the particles contributing to
% é /// 1 85 the very limited loss during the repeated centrifugation separation
% % f/ process.
U O
| Vi e 30
T T T T . . . . T
2 3 4 s 3.6. Reduction of industrial organic pollutants adsorbed over silica

No. of cycles

Fig. 6. Reusability of SA-PtNPs for the reduction of 4-NP, MB and 4-NP/MB
mixer in the presence of NaBH,,

In order to test the efficiency of SA-PtNPs in reducing the industrial
pollutants adsorbed on solid surfaces [54], silica was taken as a model
adsorbant. The 4-NP adsorbed silica sample was prepared by the ad-
sorption through drop casting 4-NP (103 M; 400 uL) at the sur-face of
silica (0.3 g). About 400 pL of 0.1 M NaBH, solution was added to the
dry silica sample, followed by the addition of well dispersed SA-PtNPs
(8ug/400 uL). The addition of SA-PtNPs in the mixture revealed a
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Fig. 7. Photographs showing the different stages of the reduction of industrial pollutants in the adsorbed state (with silica gel as solid adsorbant).

visual color change in silica (from yellow to colorless) in a time span of
approximately 240 s. Similar observations were made for the degrada-
tion of MB-adsorbed silica (degradation time approx. 40s). For the
mixed pollutant (4-NP + MB) adsorbed on silica, addition of NaBH,
changed its appearance from blue to green, which eventually turned
colorless in approximately 300s after the addition of SA-PtNPs of si-
milar con-centration. The images depicting the color change at different
stages of this test have been shown in Fig. 7. The results obtained in
these experiments indicate the fabricated Pt superstructures (SA-PtNPs)
are equally efficient for the reduction/degradation of organic pollutants
adsorbed on solid substrates.

4. Conclusion

A simple, one-pot green synthesis method was developed to syn-
thesize monodispersed Pt nanoparticles, self-assembled into square and
rectangular-shaped sub-micrometric superstructures. Synthesis of 2D
superstructures was carried out using aqueous CAS extract both as re-
ducing and stabilizing agent, requiring no other solvent, surfactant, or
reductor. Presence of carbonaceous materials originating from CAS
extract biomass at the surface of Pt superstructures of face-centered
cubic phase enhances their organic pollutant adsorption capacity. The
fabricated SA-PtNPs demonstrate ultra-fast reduction ability of in-
dustrial organic pollutants such as 4-NP and MB, both in aqueous so-
lution as well as in adsorbed state over solid surface. The ultra-fast dye
degradation kinetics of the fabricated superstructures is attributed to
the presence of biomass and oriented functional groups around the
uniformly distributed monodispersed self-assembled Pt nanoparticles at
their surfaces. While the SA-PtNPs fabricated by the green synthesis
process can be easily separated from the catalytic reaction mixture and
reused several times with almost no loss in activity, the technique used
for their fabrication can be extended for the development of other
metallic superstructures and their assembly over functionalized semi-
conductor surfaces, for utilization as photo anode in photo-electro-
chemical processes for solar energy conversion (e.g., artificial photo-
synthesis).
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